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Abstract 
 
The main focus of this thesis is to expand the scope of the newly developed 
copper-mediated photo-induced reversible deactivation radical polymerisation 
(RDRP) system. The synthesis of α,ω-telechelic multiblock copolymers will be 
attempted utilising a wide range of bi-functional initiators and acrylic monomers 
targeting different chain lengths. The compatibility of this system with special 
solvents and catalysts will also be investigated. Moreover, the limitations of this 
technique will be highlighted including the necessity to employ various components 
that require multiple optimisation studies and the challenge in efficiently storing 
many reactants (e.g. ligands, copper catalyst). Two novel discrete complexes that 
incorporate both precatalyst and ligand will be synthesised to address the 
aforementioned issues while advanced characteristics and advantages over the 
previous approach will be demonstrated. 
In the second part the polymerisation of acrylamides will be demonstrated 
utilising aqueous Cu(0)-mediated RDRP since the light system is not applicable for 
the controlled polymerisation of this monomeric family. The high end-group fidelity 
of the resulted polyacrylamides will also be exemplified via sequential monomer 
addition with both acrylamide and acrylate monomers, yielding well-defined 
hydrophilic materials. 
In the last chapter the synthesis of semifluorinated triblock copolymers in a 
multigram scale utilising the photo-induced RDRP will be demonstrated. This is an 
ongoing work with the Lubrizol Corporation and constitutes only a few initial 
studies towards developing materials with interesting properties or applications and 
basically sets the scene for future work.  
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1.1. The concept of the “macromolecule” 
 
 The word “polymer” derives from the Greek (“poly” meaning many and 
“meros” meaning part) and denotes a molecule produced by the repetition of a 
simpler unit which is termed as “monomer”. However, historically the concept of 
polymers was originally applied to molecules that had identical empirical formula 
but different chemical and physical properties (e.g. benzene (C6H6) was considered 
to be the polymer of acetylene (C2H2) since they both had the same empirical 
formula (CH)). Therefore the term “polymer” can be found in old organic textbooks 
but not with the current meaning.  It was not until 1920s that Hermann Staudinger 
coined the concept of the “macromolecule”, another Greek word that literally means 
“large molecule”. In his classic paper entitled “Über polymerisation”,1 he describes 
that during some reactions, which he called “polymerisations”, individual repeating 
units are joined together by covalent bonds forming high molecular weight 
molecules. This concept, even though it was not initially well received from the 
scientific community, heralded a decade of intense research and set the foundations 
of the modern polymer science. For his contribution in the field, Staudinger was 
awarded the Nobel Prize for chemistry in 1953.  
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1.2. History of common polymers 
 
Polymers, natural or synthetic, have numerous applications and can be found 
in hundreds of different products.  Indeed most of the materials used in the everyday 
life, including plastics, fibers, paints, coatings, adhesives etc. are based on polymers 
(Figure 1.1). Mayans are assumed to be one of the first to find an application for 
polymers in 1500 BC. They produced rubber balls by coagulating the latex obtained 
from puncturing the bark of local rubber trees.  Thousands of years later, in 1839 
Charles Goodyear discovered vulcanisation by mixing natural rubber with sulphur at 
high temperatures. The product was a stable material that could be used from 
raincoats and boots to tires for the carriages. Nevertheless, this procedure was used 
extensively in automobile industry and even today 70% of all types of rubbers are 
used in tires or in other automotive applications. 
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Figure 1.1: Short history of the development of some common polymeric materials. 
 
In 1927 polyvinyl chloride (PVC) resin was produced in large scales and, 
even today, is the third most important polymer with the other two being 
polyethylene (PE) and polypropylene (PP). PVC comes in two different forms: rigid 
and flexible. The rigid form is mainly used in construction for pipes, window panels 
and synthetic floor tiles, but it is also used for credit cards, vinyl records and 
1500 BC
Mayans were the first to find 
an application  for polymers 
as they made balls for 
ceremonial purposes from 
rubber trees.
1839
Charles Goodyear discovers 
vulcanisation, by mixing 
natural rubber with sulfur at 
high temperatures. The 
resulted material is much 
more durable than natural 
rubber.
1927
Large production of PVC
resins begin. This material 
has numerous applications 
especially in construction 
(e.g. for pipes)
1937
Polystyrene is invented. 
This material has numerous 
applications including video 
tapes, cups and thermally 
insulted containers.
1938
Du pont produces another 
well-known product, Nylon 
6,6. Nylon is used extensively 
in the fiber industry (e.g. 
clothing, ropes)
1941
Polyethylene is developed
and billions of tonnes of this 
material are produced annually 
for everything from packaging 
film to bottles and toys.
SHORT HISTORY OF POLYMERS
Today
Polymers are part of our 
daily routine!
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banners. The addition of plasticisers produces the flexible form that has applications 
in plumbing, electrical cable insulation, imitation leather and so on. PE was 
discovered in 1941 and it is considered to be the most common plastic with an 
estimated annual global production around 80 million tonnes. Its primary use 
includes packaging, bottles and plastic bags. Polystyrene (PS) is another extensively 
used material that can be found in many different forms. Plastic cutlery, DVD cases, 
the outside housing of computers, model cars, cups, toys, rulers, and hair combs are 
all made from PS. 
The discovery of Nylon 6,6 from the Du Pont company, USA in 1938 was 
also a significant breakthrough for the fiber world. Different types of nylon were 
synthesised since then and the majority of them are generally very tough materials 
with good thermal and chemical resistance. The different types give a wide range of 
properties with specific gravity, melting point and moisture content tending to reduce 
as the nylon number increases. Nylon fibres are used in textiles, fishing line and 
carpets. They can also be used as films for food packaging, offering toughness and 
low gas permeability, and coupled with its temperature resistance, for boil-in-the-bag 
food packaging.  
Regardless the application and the type of polymer, different polymerisation 
protocols can be employed as efficient tools, many of which are presented in the 
following sections. 
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1.3. Free radical polymerisation (FRP) 
 
Perhaps the most widely used polymerisation protocol is the (conventional) 
free radical polymerisation (FRP) which was introduced by Flory in 1937.
2
 This 
technique proceeds under relatively undemanding conditions since it exhibits a 
tolerance of trace impurities. As a result high molecular weight polymers can be 
synthesised without removal of the stabilisers present in most commercial 
monomers, in the presence of trace amounts of oxygen or in solvents that have not 
been purified. Its apparent simplicity has led to this technique being dominant in the 
industrial field. Even today, the bulk production of commercial polymers usually 
involves FRP as the main synthetic route. FRP typically consists of three events: 
initiation (which involves two main reactions), propagation and termination.  
 
1.3.1 Sequence of events 
 
The first step during the initiation phase is the production of the free radicals 
(R·) from the initiating species (I) as shown in Eq. 1.1, where kd is the rate constant 
for the initiator dissociation. Since there are several types of initiators, the 
dissociation can be achieved in many different ways but the usual case is either heat 
or light (photo-initiation). Once produced, the free radical reacts rapidly with a 
monomer (M) to yield a new species that is still free radical (M·) as shown in Eq. 
1.2, where ki is the rate constant for the initiation step. 
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 The series of reactions in which the free radical at the end of the growing 
chain reacts with monomer to further increase the length is termed as propagation. 
Generally it can it be described as shown in Eq. 1.3, where kp is the rate constant of 
propagation. Propagation with growth of the chain to high polymer proportions takes 
place very rapidly and the value of kp normally lies in the range 10
2
-10
4
 L mol
-1
 s
-1
.
3
  
 Polymerisation does not continue until all the monomer is consumed mainly 
due to the reactive nature of the radicals that can lead to the loss of their radical 
activity. The two mechanisms of termination during FRP are combination and 
disproportionation. Combination occurs when two radical species react with each 
other as indicated in Eq. 1.4. Alternatively, two radicals can interact via hydrogen 
abstraction, leading to the formation of two new radicals; one saturated and one 
unsaturated (Eq. 1.5). However, it is relatively unnecessary to distinguish between 
these two mechanisms and therefore the rate constants (ktc and ktd) are generally 
combined into a single rate constant kt and the termination step can be also expressed 
by Eq. 1.6.
4
 The term “dead polymer” describes the cessation of the growth for the 
propagating radical. Typically the termination rate constants are in the range of 10
6
-
10
8
 L mol
-1
 s
-1
.
3
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1.3.2 Kinetic expression of FRP 
 
Generally very small radicals are more reactive than propagating radicals, 
however, the effect of the size can be neglected because it does not apply at the 
dimer or trimer size.
5 
Having this in mind, it is safe to assume that kp and kt are 
independent of the size of the radical. 
During the initiation and propagation steps the monomer is being consumed, 
so the rate of the monomer disappearance is given by Eq. 1.7, where Ri and Rp are 
the rates of the initiation and propagation respectively. However, since more 
monomer species react during the propagation step than the initiation, we can 
simplify the equation by neglecting the Ri (Eq.1.8). 
− 
𝒅[𝐌]
𝒅𝒕
 =  𝑹𝒊 + 𝑹𝒑   (1.7) 
 − 
𝒅[𝐌]
𝒅𝒕
 =   𝑹𝒑   (1.8) 
 The rate of propagation is the state that involves the major consumption of 
the monomer and is considered to be the sum of all the individual propagation steps. 
The rate of propagation is given by Eq. 1.9, where [M] and [M·] are the monomer 
and the total radical concentration respectively.  
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𝑹𝒑 =  𝒌𝒑 [𝐌 ·][𝐌]  (1.9) 
 Radical concentration is difficult to measure as it remains very low during the 
polymerisation (~10
-8 
M) thus the term of the radical concentration [M·] needs to be 
eliminated from the Eq. 1.9. Consequently the steady state assumption can be 
applied.
6
 According to this theory, the concentration of the radicals increases initially 
but reaches a constant value almost instantaneously. As a result, the rate of change of 
the radical concentration becomes and remains zero throughout the polymerisation. 
This is equivalent to stating that the rates of initiation and termination are equal (Eq. 
1.10).  It is should be noted that the rate of termination can also be expressed by Eq. 
1.10 and it applies for both termination mechanisms (combination and 
disproportionation). The use of factor 2 in the termination rate follows the generally 
accepted convention for reactions destroying radicals in pairs.  
𝑹𝒊 =  𝑹𝒕  = 𝟐𝒌𝒕[𝐌 ·]
2  (1.10) 
 If we combine Eq. 1.9 and Eq. 1.10 and solve for [M·] we have Eq. 1.11 as 
following: 
 [𝐌 ·] = (
𝑹𝒊
𝟐𝒌𝒕
)
𝟏
𝟐
  (1.11) 
Finally if we substitute Eq. 1.9 into Eq.1.11, then rate of polymerisation is 
given by the Eq. 1.12 which signifies the dependence of the rate of polymerisation 
from the square root of the initiation rate. 
𝑹𝒑 =  𝒌𝒑 [𝐌] (
𝑹𝒊
𝟐𝒌𝒕
)
𝟏
𝟐
  (1.12) 
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The rate of producing radicals by thermal homolysis of an initiator is given by the 
Eq. 1.13, where [I] is the concentration of the initiator and f is the initiator efficiency. 
As mentioned earlier in Eq. 1.1 & 1.2 the initiation reaction consists of two main 
steps with the second step to be much faster than the first. As a result, the rate 
determining step is the homolysis of the initiator and thus Rd = Ri (Eq. 1.14). 
𝑹𝒅 =  𝟐𝒇𝒌𝒅 [𝐈]   (1.13) 
 𝑹𝒊 =  𝑹𝒅 =  𝟐𝒇𝒌𝒅[𝐈] (1.14) 
If we substitute Eq. 1.14 into Eq. 1.12 yields Eq.1.15: 
𝑹𝒑 =  𝒌𝒑 (
𝒇𝒌𝒅[𝐈]
𝒌𝒕
)
𝟏
𝟐
  [𝐌] (1.15)  
The above equation shows that in the early stages of the polymerisation the rate of 
the reaction is proportional to the square root of the initiator concentration, assuming 
f is independent of monomer concentration (this assumption is acceptable for high 
initiator efficiencies). This dependence has been confirmed for many different 
monomer-initiator combinations.
7-9 
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1.4. Living anionic polymerisation 
 
 Anionic polymerisation was first reported by Szwarc
10-12
 and co-workers in 
1956 who demonstrated the controlled polymerisation of styrene initiated by 
aromatic radical-anions such as sodium naphthalene.
10
 The initiation step in an 
anionic polymerisation is fast compared to propagation and therefore each initiator 
should start only one polymer chain. As a result all chains initiate at time zero and 
grow equally fast giving access to well-defined materials. The high reactivity of the 
propagating species (carbanions) with oxygen and moisture or any other protic or 
carbanion-sensitive impurities indicates that they have to be rigorously removed. 
Under these conditions, termination is virtually absent and, for this reason, anionic 
polymerisation is also considered a living polymerisation.
13
 A typical example is the 
polymerisation of styrene with butyl lithium as initiator (Scheme 1.1). 
 
 
Scheme 1.1:  Anionic polymerisation of styrene with butyl lithium as initiator. 
 
 This technique has been widely exploited mainly for the synthesis of well-
defined polystyrene. Additionally, most of the elastomeric block copolymers are 
produced commercially by anionic living polymerisation. However, the extensive 
purification of the reagents (e.g. initiator, monomer), solvents, in addition to the low 
temperatures commonly employed (-78°C) make the technique less attractive.  
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1.5. “Living” radical polymerisation (LRP) 
 
 As mentioned in the previous section, Szwarc was the first to develop a truly 
living polymerisation system. However, the process is limited in a narrow pool of 
monomers (e.g. styrene, isoprene). On the other hand conventional FRP is employed 
to produce millions tonnes of polymers, with thousands of different compositions. 
Yet, the architectural control utilising this technique is very limited. Therefore the 
advent of living radical polymerisation (LRP) or according to IUPAC reversible 
deactivation radical polymerisation (RDRP)
14 
paved the way for the synthesis of 
advanced materials with precisely controlled molecular architecture. Although 
RDRP is theoretically restricted due to the reactive nature of the radicals, the concept 
of the dynamic equilibrium revolutionised the field giving access to well-defined 
polymers with various functionalities and architectures.
15
 The dynamic equilibria in 
RDRP can be accomplished either by employing reversible deactivation of the 
propagating radical to form the dormant species or by employing “degenerate 
transfer” between the propagating radicals and the dormant species (e.g. reversible 
addition-fragmentation chain transfer polymerisation (RAFT)).
16
 In the first scenario 
the dormant species can be intermittently reactivated either in a catalytic manner, as 
in the case of transition metal mediated living radical polymerisation (TMM-LRP), 
or spontaneously as in stable free-radical polymerisation (SFRP). In most 
polymerisations bimolecular termination will still occur and one can argue the 
“livingness” of the system. To avoid confusion, Quirk and Lee proposed a list of 
criteria for a living polymerisation
17
: (1) Polymerisation proceeds until all of the 
monomer has been consumed. (2) The number average MW (Mn), is a linear function 
of conversion. (3) The number of the active centers isa constant, which is sensibly 
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independent of conversion. (4) The MW can be controlled by the stoichiometry of 
the reaction. (5) Narrow MWDs are produced. (6) Block copolymers can be prepared 
by sequential monomer addition and (7) Chain-end functionalised polymers can be 
prepared in quantitative yield. 
 
1.5.1. Nitroxide-mediated polymerisation (NMP) 
 
SFRP was one of the earliest living radical technique to be discovered and 
can utilise a wide range of stable free radicals, including nitroxide,
18
 (arylazo)oxy,
19
 
substituted triphenyls,
20
 triazolinyl,
21
 verzadyl,
22
 etc. as the mediating species (or 
persistent radical) in the polymerisation. Nitroxides and their associated alkylated 
derivates (alkoxyamines) are certainly the most widely studied class of stable 
radicals. The exploitation of alkoxyamines as polymerisation initiators, and the use 
of NMP as a RDRP technique was first reported by Solomon, Rizzardo and Cacioli 
in 1985.
23
 In this initial approach, Solomon and co-workers utilised 2,2,6,6-
tetramethylpiperidinyl-1-oxy (TEMPO), a stable, persistent free radical capable of 
radical trapping. However the method received significant attention when Georges et 
al. demonstrated the controlled polymerisation of styrene in 1993.
24
  
The proposed mechanism for the NMP polymerisation is described in 
Scheme 1.2. The reactive radical initiates the polymerisation while the stable radical 
mediates the reaction by reacting with propagating radical. Thus the propagating 
radical concentration is much lower than the dormant species which results in RDRP 
with control of the molecular weight and dispersity. 
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Scheme 1.2: Proposed mechanism of NMP.
23
 
 
A drawback of the NMP with TEMPO is the high temperatures (125 - 140 
o
C) required along with the long reaction times (1 - 3 days). Moreover, relatively 
narrow MWDs can be achieved only for a narrow pool of monomers (e.g. styrene 
and its derivatives or 4-vinylpyridine).
3
 
 
1.5.2. Reversible addition-fragmentation chain transfer 
polymerisation (RAFT) 
 
RAFT was first reported by Moad, Rizzardo and Thang at the 
Commonwealth Scientific and Industrial Research Organisation (CSIRO) of 
Australia in 1998.
25
 Although the term “RAFT” is sometimes used in a more general 
sense, it was coined to describe and it is most associated with reactions that utilise 
thiocarbonylthio compounds (RSC(Z)=S) as chain transfer agents (CTAs). The 
RAFT process normally involves a conventional radical initiator (e.g. AIBN), 
monomer, CTA (also referred to as RAFT agent) and it can be carried out in bulk, 
solution, emulsion or suspension. The appropriate choice of reagents and reaction 
conditions is crucial for the success of the polymerisation. A wide variety of 
monomers is compatible with this technique including more activated monomers 
(MAM) such as (meth)acrylic monomers and styrene or less activated monomers 
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(LAM) such as vinyl acetate (VAc), N-vinyl pyrrolidone (VP) or N-vinylcarbazole 
(NVC) merely by matching the activity of the monomer with an appropriate RAFT 
agent.
26, 27
  
The proposed mechanism for the RAFT polymerisation is described in 
Scheme 1.3. Initiation occurs by the decomposition of a conventional free radical 
initiator to form the propagating species (Pn·). In the next step, addition of the 
propagating radical to the thiocarbonylthio compound followed by fragmentation of 
the intermediate radical results to a polymeric thiocarbonylthio compound and a new 
radical (R·). Subsequently, the new radical reacts with another monomer species to 
form a new propagating radical (Pm·). The key feature of the RAFT mechanism is 
the rapid equilibrium between the propagating species and the dormant polymeric 
thiocarbonylthio compounds that allows for equal chain growth providing access to 
well-defined polymers.
28
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Scheme 1.3: Proposed mechanism of RAFT polymerisation.
28
 
 
Undoubtedly, RAFT is a versatile system and one of the most widely used 
polymerisation processes since it is easy to perform, it does not employ metal 
catalysts and it can operate efficiently in a wide range of chemical environments, 
functionalities and reaction conditions. On the down side, many RAFT agents are 
not commercially available and their synthesis requires multistep synthetic 
procedures. Moreover RAFT agents are highly coloured (pink/ red to yellow) and 
have unpleasant odours due to gradual decomposition of the dithioester moiety to 
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yield small sulfur compounds which is undesirable for potential applications (e.g. 
personal care).  
 
1.5.3. Atom Transfer Radical Polymerisation (ATRP) 
 
Another popular technique is the so-called TMM-LRP which was introduced 
by Sawamoto
29
 and Matyjaszewski.
30 
Radical generation in TMM-LRP usually 
involves an alkyl halide undergoing a reversible redox process catalysed by a 
transition metal complex such as copper halide. Among other transition metals, both 
ruthenium and copper have been successfully utilised as the catalyst source, although 
copper remains, to date, the most studied transition metal, mainly due to its large 
availability, low costs and ease of handling. When copper, rather than ruthenium, is 
utilised the process is typically termed ATRP. ATRP is dominated by an equilibrium 
between propagating radicals and dormant species, predominately in the form of 
initiating alkyl halides/macromolecular species (PnX).
16
 The dormant species 
periodically react with a rate constant of activation (kact) with transition metal 
complexes in their lower oxidation state, [Mt
m
(L)X], (Mt
m
 represents the transition 
metal species in oxidation state m and L is a ligand); to intermittently form growing 
radicals (𝑃𝑛
∗), and deactivators-transition metal complexes in their higher oxidation 
state, coordinated by an additional, abstracted halide ligand [Mt
m
(L)X]X (Scheme 
1.4).  
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Scheme 1.4: ATRP equilibrium.
16
 
 
In all RDRP methods, irreversible radical termination always occurs to some 
extent. However, in ATRP the small amount of bimolecular termination present at 
the initial stage of the reaction is beneficial for the polymerisation as it provides 
further control over the MWDs. This is because  propagating radicals are irreversibly 
terminated via any other method than the end-capping reaction with CuX2 (i.e. 
bimolecular termination), resulting in a slight excess of deactivating species in the 
system which will provide more control over the radical propagation, by shifting the 
equilibrium towards the dormant species. This phenomenon is known as the 
persistent radical effect (PRE).
31-33
  
With respect to the mechanism ATRP is considered to proceed via an inner 
sphere electron transfer mechanism (ISET), where the radical and the deactivating 
species are formed through the concerted homolytic atom transfer of the halogen 
radical from the dormant species (PnX) to the activating species (Mt
m
/L). ISET 
mechanism is more likely to happen in comparison with outer sphere electron 
transfer (OSET), as it is energetically favoured.
34
 
As in many fields, polymer synthesis has seen a substantial drive toward 
environmentally friendly synthesis, resulting in the development of so-called “green 
chemistry” techniques. Of particular relevance in ATRP is the a conscious effort to 
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reduce the catalyst loading to ppm levels
35
 which led to the development of activator 
(re)generated by electron transfer ATRP (A(R)GET-ATRP)
36
 and initiators for 
continuous activator regeneration ATRP (ICAR-ATRP).
37
 In A(R)GET-ATRP a 
reducing agent is utilised to (re)generate the active catalyst from the deactivating 
species that accumulate via unavoidable termination reactions. A wide range of 
reducing agents have been successfully employed, including FDA-approved tin(II) 
2-ethylhexanoate (Sn(EH)2),
38
 glucose,
36, 39, 40
 ascorbic acid,
41
 phenol,
42
 hydrazine, 
phenylhydrazine
36
 and nitrogen containing ligands
43
 and monomers.
44
 In a similar 
vein to A(R)GET-ATRP, ICAR-ATRP can also be considered as a “reverse” ATRP 
where a source of organic free radicals (e.g. AIBN) is typically employed to 
continuously regenerate the CuBr activator which would otherwise be consumed via 
termination reactions, particularly when the metal is used in ppm concentrations. 
Both A(R)GET and ICAR-ATRP can provide access to well-defined polymers (Ð < 
1.2) while the low concentration of metal reduces the need for extensive purification, 
at least for some applications. Nevertheless, both A(R)GET-ATRP and ICAR-ATRP 
do have a number of limitations, such as relatively long reaction times (typically 24 
– 48 h), moderate conversions (typically 10 - 80%) and the need to purify the 
macroinitiators prior to block copolymerisation.
45
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1.5.4. Single Electron Transfer Living Radical Polymerisation 
(SET-LRP) 
 
The concept of SET-LRP (or Cu(0) mediated RDRP) was initially introduced 
by Percec and co-workers in 2002
46
 and attracted more attention in 2006, when the 
“ultrafast synthesis of ultrahigh molecular weight polymers” at ambient temperature 
or below from functional monomers containing electron withdrawing groups such as 
acrylates and methacrylates was reported.
47
 Polar solvents, such as H2O, dimethyl 
sulfoxide (DMSO), alcohols and ionic liquids were reported to encourage the rapid 
disproportionation of CuBr into Cu(0) and CuBr2 species in the presence of 
disproportionating ligands (e.g. tris[2-(dimethylamino)ethyl]amine (Me6-Tren), 
N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA) etc.). The initial activation 
step was proposed to occur via Cu(0), either in the form of copper wire or copper 
powder, via single electron transfer (SET) to the electron acceptor alkyl halide. 
Without any purification step the synthesis of high molecular weight polymers ( Mn ~ 
1400000 g.mol
-1
 ) was demonstrated in less than 3 h. 
According to the proposed mechanism Cu(0) (or “nascent” Cu(0) particles) is 
the major activator of alkyl halides
47-49
 and CuBr is “inactive” under “SET-LRP 
conditions” (polar solvents and N-containing ligands) due to rapid or even 
instantaneous disproportionation
50, 51
 into Cu(0) and CuBr2. The activation step is 
proposed to occur via an outer sphere electron transfer process (OSET) through the 
formation and decomposition of a radical anion intermediate (Scheme 1.5). 
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Scheme 1.5: Proposed mechanism for the SET-LRP.
47
 
 
Cu(0), either in the form of powder or wire, is a very efficient method for 
polymer synthesis when organic solvents are employed. For applications where 
water is the required solvent, the polymerisation of acrylates has proved to be 
compatible with the copper wire system, resulting in full conversion within 6 h and 
low dispersities.
52
 An excess of external CuBr2 is required to provide good control 
over the MWDs in most cases. 
Conversely, TMM-LRP of acrylamide monomers has been traditionally 
proven to be problematic, either due to lack of control
53
 or the necessity to employ a 
high ratio of Cu(II) salts to facilitate effective deactivation and thus retain good 
control.
54
 Furthermore, the vast majority of acrylamide polymerisations are 
conducted in organic solvents or in mixtures of water/organic solvents and the 
synthesis of block copolymers is limited.
55-64
 Thus, NMP and RAFT protocols have 
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been routinely employed for the synthesis and copolymerisation of these 
monomers.
65-68
 
In 2013, Haddleton and co-workers introduced a new method to perform 
Cu(0)- mediated RDRP in water.
69
 It was emphasised that the key step in the process 
is to allow full disproportionation of CuBr/Me6-Tren to Cu(0) powder and 
CuBr2/Me6-Tren in water prior to addition of both monomer and initiator. Strictly 
following this reaction protocol, provides access to a wide range of functional water-
soluble polymers with controlled chain length and narrow MWDs (Ð ~ 1.10), 
including poly(N-isopropylacrylamide) (PNIPAM), poly(N,N-dimethylacrylamide) 
(PDMA), poly(oligopoly(ethylene glycol) methyl ether acrylate (PPEGA), 
poly(hydroxyethyl acrylate) (PHEA) and even a polymer derived from an acrylamide 
glycomonomer.
69
 Moreover, the use of aqueous Cu(0)- mediated RDRP has enabled 
the preparation of poly(N-acryloylmorpholine (NAM)),
70
 the controlled synthesis of 
which has previously been limited to RAFT. All the polymerisations have been 
performed at, or below, ambient temperature with quantitative conversions attained 
in minutes. Moreover, polymers obtained have high end-group fidelity and are 
capable of undergoing in situ chain extensions to full conversion or multiblock 
copolymerisation via iterative monomer addition, with each step proceeding to full 
conversion. The Cu(0)- mediated RDRP of NIPAM was thoroughly investigated and 
careful selection of the catalyst ratio and the reaction temperature provided access to 
a range of molecular weights (DP = 8 - 320). Full characterisation of low molecular 
weight PNIPAM resulted in identification of the end-group functionality. Although a 
significant amount of hydrolysis of the ω-Br chain-end (premature termination) was 
detected at ambient temperature, adequate suppression could be achieved by 
decreasing the reaction temperature (ice bath).
69
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Aqueous Cu(0)- mediated RDRP was also performed in more complex 
solvents, including blood (sheep) serum, resulting in the formation of highly active 
Cu(0) particles.
71
 Subsequently, the addition of monomer and initiator allowed the 
homogenous polymerisation (Ð ~ 1.09 - 1.25) of various hydrophilic monomers 
including NIPAM, DMA, PEGA and HEA. The controlled nature of the 
polymerisations in this medium was exemplified by in situ copolymerisation of 
PNIPAM and PDMA macroinitiators with DMA and NIPAM respectively.
71
 
Although following a relatively slower rate than in pure water, disproportionation of 
CuBr/Me6-Tren in phosphate-buffered saline (PBS) buffer was also conducted with 
the final polymers presenting slightly higher dispersity values (Ð ~ 1.21 - 1.29).
69
 To 
further illustrate the versatility of the system, the controlled polymerisation of 
NIPAM has also been reported in a range of international commercial alcoholic 
beverages/solvents (e.g. beers, wines, spirits etc.) utilising Cu(0)- mediated RDRP. 
Impressively, the chemical diversity in these solvents (e.g. phenols, sugars, alpha 
acids etc.) was well tolerated, yielding well-defined polymers with narrow MWDs 
(Ð ~ 1.10). Thus, it was concluded that Cu(0)- mediated RDRP can operate 
efficiently in a wide range of chemical environments.
72
 Disproportionation of 
CuBr/Me6-Tren in ionic liquids has also been reported.
47
 When Cu(0)- mediated 
RDRP was conducted in the presence of ionic liquids, first order kinetics with 
respect to the monomer concentration and low dispersity polymers were obtained, 
further illustrating the robust nature of the technique.
73
 
Perhaps the most significant limitation of the technique, relative to RAFT, is 
that it cannot, to date, mediate the polymerisation of less activated monomers such as 
vinyl pyrrolidone (VP) and vinyl acetate (VA) (although vinyl chloride has been 
successfully polymerised
47
). Polymerisation of styrene and methacrylamides has also 
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not been well studied. Moreover, Cu(0)- mediated RDRP cannot be conducted in the 
presence of significant amounts of acids (e.g. acetic acid) as the catalyst would be 
contaminated/complexed, although small amounts of acid (10%) can be tolerated.
74
 
In addition, efficient stirring is required for an effective polymerisation, especially 
for the case of the copper wire system as a consequence of a surface catalysed 
polymerisation. Although a diversity of solvents have been utilised for Cu(0)- 
mediated RDRP, DMSO and H2O represent by far the most studied solvents. 
 
1.6. External regulation of controlled polymerisations 
 
 The development of the RDRP techniques has revolutionized the field of 
polymer science, providing access to well-defined polymers with pre-determined 
molecular weight, high end-group fidelity,
75-80
 various functionalities
45, 81-83
 and 
complex architectures.
84-90
 However, one of the major challenges that still remain is 
the spatial and temporal control of the polymerisation. Recently, the use of external 
stimuli to control the polymerisation “on demand” has attracted considerable 
interest. Mimicking nature’s ability to reversibly turn reactions “on” and “off” 
utilising specific stimulus provides dynamic control of material synthesis and paves 
the way for new applications. Controlled polymerisations can be regulated by a wide 
range of stimuli including added reagents, applied voltage, mechanical force or light 
(Figure 1.2).
91
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Figure 1.2: Various external stimuli. 
  
1.6.1. Various external stimuli 
 
 One of nature’s main enzyme regulation mechanism is the allosteric control. 
The word "allosteric" is derived from the Greek words “allos” (meaning other) and 
“stereos”, (meaning site). Allosteric control of the catalytic activity can be achieved 
by the reversible binding of a small molecule (effector) to a location other than the 
active site. The addition of the effector, changes the shape of the enzyme so as to 
affect the formation of the usual complex at the active site between the enzyme and 
its substrate (the compound upon which it acts to form a product). As a result, the 
ability of the enzyme to catalyse a reaction is modified. Mirkin and co-workers were 
the first to report allosteric control of a polymerisation in 2010.
92
 Other prominent 
examples of allosteric systems are based on bimetallic catalysts where binding of the 
effector changes the distance between the two metal sites, affecting the rate of the 
polymerisation.
93-95
Similar results can be obtained with other chemical 
transformations during the polymerisation, also known as chemical control. A 
common example is the addition of a redox-active system that can afford temporal 
Chemical Allosteric 
Control 
Electrochemical Mechanical 
Force
Light
Towards the synthesis of “Smart” Materials: Various External Stimuli
Chapter 1 
 
 
 
Vasiliki Nikolaou  26 
 
control over polymerisation. During the reaction, catalyst can reversibly switch 
between two stable oxidation states that have different catalytic efficiencies.
96-98
 
 In 2011 Matyjaszewski and co-workers introduced the first 
electrochemically-mediated atom transfer radical polymerisation (eATRP).
99
 
According to the proposed mechanism the CuBr2/Me6-Tren deactivator is reduced to 
CuBr/Me6-Tren activator electrochemically to invoke or trigger polymerisation. 
Reoxidising the compex via an anodic current yields again the catalytically inactive 
Cu(II) species. Temporal control can be demonstrated by switching of 
polymerisation “on” and “off” in response to applied voltage. In a subsequent report 
the same system was applied under purely aqueous conditions providing excellent 
control over MW and MWDs, accompanied by a fast polymerisation rate and low 
charge consumption.
100
 Thus, eATRP was proven to be an attractive system that 
provides for the synthesis of well-defined materials with novel applications. 
The concept of applying mechanical force to create stress-responsive 
materials via altering the molecular or the supramolecular structure of polymers has 
been recently reported.
101
 At the intersection of mechanics and chemistry, mechano-
chemistry is a subject that embraces many daily phenomena including wear and 
abrasion, friction and lubrication, and stress-accelerated degradation of materials. 
During these processes, mechanical stress can be translated in various chemical 
transformations and the resulted polymers are known as mechanophores.
102-107
 
Sonication is one of the most famous examples to apply mechanical force in solution 
with strong shear forces being created changing the distribution of products or even 
cause the formation of new substances.
108
 Mechanochemically controlled 
polymerisation allows for dynamic control of the reaction and future applications 
include self-healing of materials or diagnostic reporting of damage.  
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1.6.2. Utilising light as an external stimulus  
 
 Light combines several advantages since it is widely available, non-invasive 
and environmentally benign, thus is considered to be one of the most prominent 
among the external stimuli available.
91
 Apart from the ability to switch “on” and 
“off” the polymerisation, light allows further and more precise control over the 
reaction rate by modifying the intensity of irradiation. Oster and Yang were the first 
to employ light as an external stimulus for the polymerisation of vinyl monomers in 
1968.
109
 Subsequently, three main strategies have been developed employing light 
for the activation of a) the monomer,
110, 111
 b) initiator (also known as photo-
initiators)
112-115
 or c) catalyst.
116-119
 Despite the strategy employed, the field of photo-
polymerisation encompass a wide range of applications (e.g. photoresist materials,
120
 
photolithography,
121-123
 printing plates,
124
 dental filling materials
125
 etc.) and thus 
attracts more and more scientific interest. 
 
Monomer activation 
 
Manners and co-workers reported the photo-controlled living anionic 
polymerisation of silicon-bridged ferrocenophane monomers.
110, 111
Exposure of these 
monomers to sunlight or to pyrex-filtered light (λ > 310 nm) in the presence of an 
anionic initiator resulted in controlled polymerisation which depends upon the 
irradiation time. In most cases the polymerisation proceeded to near-quantitative 
conversions resulting in well-defined polymers with narrow MWDs (Ð < 1.1). In 
terms of the mechanism, UV-irradiation weakens the Fe-cyclopentadienyl (Cp) bond 
of the monomer and induces an excited state which allows for the displacement of a 
Chapter 1 
 
 
 
Vasiliki Nikolaou  28 
 
Cp ligand by a weak nucleophilic initiator (e.g. NaCp) (initiation). The resulted 
anionic Cp chain-end can subsequently undergo chain propagation by reacting with 
additional excited monomers (Scheme 1.6). Since the propagation relies on the 
continued irradiation, the synthesis of block copolymers was also targeted. Sequence 
controlled polymers were achieved by the addition of monomers by switching the 
light “on” and “off”. This system provides unprecedented, photo-controlled access to 
new types of functional materials. However, the main drawback is the use of 
specialised ferrocene monomers that limits the potentials of this strategy. 
 
 
Scheme 1.6: Photo-controlled living polymerisation of ferrocenophanes.
111
 
 
Photo-initiators 
 
 Photo-initiators are classified as cleavage (Type I) and H-abstraction type 
(Type II).
126, 127
 Specifically, Type I initiators undergo unimolecular fragmentation 
upon light absorption forming two initiating radicals (Scheme 1.7a). Examples of 
this type of photo-initiators include mostly benzoin compounds along with its 
derivatives.
128-132
The formation of initiating species in Type II initiators occurs 
through electron transfer reactions or hydrogen abstraction or through a combination 
of both mechanisms (Scheme 1.7b). Ketones are considered to be the most important 
Type II photo-initiators including benzophenone, thioxanthone, camphorquinone 
etc.
133-137
The selection of the photoinitiator depends on the requirement of a 
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particular system or application, however, Type I photo-initiators require more 
energy to undergo bond cleavage and therefore they considered to be less 
advantageous than Type II.  
 
 
Scheme 1.7: Photolysis of the two types of photo-initiators.
113
 
 
Catalyst photo-activation 
 
 The direct photo-activation of the catalyst is probably the best strategy for 
regulating controlled polymerisations since the catalytic species are employed only 
in small amounts (usually ppm levels). Hawker and co-workers investigated the 
polymerisation of methacrylates by employing previously well-established 
photoredox catalysts.
116, 138
 By utilising Ir-based catalysts they developed a novel 
living radical system that displays an unprecedented response to activation and 
deactivation of polymerisation through external visible light stimulation. The 
proposed mechanism for this system is given in Scheme 1.8.  
 
(a)
(b)
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Scheme 1.8: (a) Schematic illustration of the photoredox radical polymerisation concept and 
(b) proposed mechanism.
91
 
 
The Ir-based catalyst has been shown to absorb light to form the Ir
III
*. The 
excited species (Ir
III
*) can reduce an alkyl bromide initiator and thus form the 
initiating radical. The resulting Ir
IV 
can then oxidise the alkyl radical chain-end to 
form the dormant species and the process can be repeated with an additional photon 
of light. Although the resulted materials were low dispersed, the conversions were 
relatively moderate and reached only 70% in some cases. In a subsequent report the 
same system was applied for the polymerisation of acrylates generating similar 
results.
119
 Boyer et al. employed the same iridium based catalyst for the development 
of photo-induced electron transfer reversible addition−fragmentation chain transfer 
(PET-RAFT).
139, 140
 
Since Hawker’s initial report, several groups have investigated alternative 
metal complexes as redox catalytic sources including copper (Cu) (see section 1.5.3), 
(a)
(b)
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cobalt (Co),
141, 142
 ruthenium (Ru),
140, 143
 zinc (Zn)
144
 and iron (Fe)
145
 to achieve 
photochemically mediated synthesis of well-controlled macromolecular 
architectures. For instance, Fe is a highly attractive metal as it is inexpensive, 
nontoxic, abundant and environmentally benign, biocompatible and easy to remove. 
Recently, Matyjaszewski and co-workers reported the Fe-mediated photo-induced 
polymerisation of methacrylates.
145
 Narrow MWDs were obtained without any 
addition of ligands or reducing agents. Nevertheless, the reaction times were very 
long (> 24 h) and the conversions did not reach quantitative or near-quantitative 
levels (41-86%) for most of the monomers employed. 
In an attempt to circumvent the metal contamination issues present in most 
RDRP systems, Hawker and co-workers employed an organic-based photoredox 
catalyst for the polymerisation of vinyl monomers under UV irradiation.
146
 The 
metal-free ATRP gave rise to well-defined materials with accurate control over the 
molecular weights, low dispersity and high retention of chain end-groups. Further 
exploiting the high end-group fidelity, block copolymers were synthesised while the 
technique was also combined successfully with other processes (traditional Cu-
catalysed and photo-mediated Ir-based systems). 
Inspired by Hawker’s metal free system, many other groups employed 
organic-based catalysts. Boyer and co-worker investigated a series of organo-dyes, 
including methylene blue, fluorescein, rhodamine 6G, Nile red and eosin Y, to 
perform a visible light-mediated  RDRP of methacrylates.
117
 Specifically, eosin Y 
and fluorescein were efficient catalysts to activate the PET-RAFT) mechanism. This 
system yielded well-defined (co)polymers with good control over the molecular 
weights ranging from 10000 to 100000 g.mol
−1
 and low dispersities (Ð < 1.30). A 
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variety of functional monomers, including N,N-dimethylaminoethyl methacrylate, 
hydroxyl ethyl methacrylate, pentafluorophenyl methacrylate, glycidyl methacrylate, 
oligoethylene glycol methyl ether methacrylate (OEGMA), and methacrylic acid, 
were also successfully polymerised. 
The same group subsequently reported the efficient photo-induced RDRP 
process that involves the use of chlorophyll as the photoredox biocatalyst.
118
 
Chlorophyll A (the most abundant chlorophyll in plants) activated successfully the 
PET-RAFT process under blue and red LED light (λmax = 461 and 635 nm, 
respectively). A wide range of monomers, including (meth)acrylamide and 
(meth)acrylates containing a large variety of functional groups, such as carboxylic 
acid, amine, alcohol, and glycidyl groups, were polymerised within a few hours 
showing excellent control over molecular weight and dispersity. 
Photo-induced metal-free atom transfer radical polymerisation has also been 
investigated by Matyjaszewski and co-workers where the synthesis of 
polyacrylonitrile (PAN) with predictable molecular weights and low dispersities was 
achieved.
147
 Chen et al.
148
 employed 10-phenylphenothiazine as an organic 
photoredox catalyst providing polymers from a variety of acrylate and acrylamide 
monomers with good molecular weight control, narrow molar mass distributions, 
and excellent end-group fidelity. 
Indeed all the aforementioned systems utilise organic-based redox catalysts 
and thus avoid the potential toxicity of the “heavy metals” employed in most living 
radical techniques. However, in most cases exotic catalysts have to be employed 
while long reaction times and low conversions are compromising the appeal of these 
techniques. 
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1.6.3. Copper mediated photo-induced RDRP 
 
 Many copper(II)/ligand (Cu(II)/L) complexes are known to be light sensitive 
and undergo photoredox reactions during UV-irradiation.
149
 Specifically, some 
ligands (amines) have been employed as outer-sphere electron donors and 
photoelectron donors in a range of reactions (e.g. dehalogenation, cyclisation).
150-154
 
Hence, the development of copper-mediated photo-regulated approaches that control 
both the initiation and all of the subsequent activation/ propagation steps would pave 
the way for the synthesis of “smart” materials with novel applications. 
 
  Yagci and co-workers were the first to develop a copper mediated photo-
induced system investigating the (co)polymerisation of methacrylates.
155
 MMA was 
employed as the model monomer and the polymerisation was initiated by in situ 
photochemical generation of Cu(I) complex from air-stable Cu(II) species in the 
presence of PMDETA, without any additional reducing agents. The controlled living 
character of this polymerisation was confirmed by both the linear tendency of 
molecular weight evolution with conversion and a chain extension experiment. 
However, since this study was conducted in bulk, the poor solubility of the Cu(II) 
complexes in the monomer solution gave rise to heterogeneous polymerisation  and 
low conversions (~50%). In a subsequent report, the same group employed MeOH in 
an attempt to circumvent these issues.
156
 Although MeOH facilitated the 
homogeneous polymerisation of MMA and allowed for better control over the 
molecular weights, conversions remained low (~40%).  
 Matyjaszewski and co-workers have also reported visible/sunlight photo-
induced ATRP employing Cu(II)(TPMA)Br2 complexes with subtle differences to 
Yagci’s proposed mechanism.157 Both acrylic and methacrylic monomers (MA and 
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MMA) were investigated utilising a variety of wavelengths. Well-defined polymers 
were obtained in most cases with the best result being obtained in sunlight (80%, 
Đ=1.09). In a joint report both Matyjaszewski’s and Yagci’s group implemented the 
photoinitiated ATRP in inverse microemulsion polymerisation of oligo(ethylene 
glycol) monomethyl ether methacrylate in an attempt to facilitate the process control 
of water-soluble monomers.
158
 The polymers obtained molecular weight values close 
to the theoretical and relatively narrow MWDs (Đ = 1.20-1.40). However, in all 
these reports low polymerisation rates and limited range of monomer compatibility 
(MA and MMA) were reported while high end-group fidelity was not demonstrated. 
 In 2014 Haddleton and co-workers reported the photo-induced RDRP of 
acrylates in the presence of precursor Cu(II)(Me6-Tren)Br2 complexes and excess of 
aliphatic tertiary amines (e.g. Me6-Tren).
159
  For the first time quantitative 
conversions and high end-group fidelity were reported for a light-mediated system 
for a wide range of molecular weights (DP = 25-800). Reactions times for the 
polymerisation of MA in DMSO, were generally 15 h under sunlight following an 
initial induction period of approximately 3 h. However, accelerated reaction rates 
were observed (~80 min) under UV irradiation (λ = 365 nm) as evidenced by kinetic 
experiments. Additionally, temporal control during polymerisation was also 
demonstrated via consecutive light and dark exposure resulting in PMA (93%, Đ = 
1.07) in the final cycle which is directly comparable with the result obtained during 
uninterrupted UV irradiation.  
 The scope of the technique was subsequently expanded to include a wide 
range of monomers such as hydrophilic, hydrophobic, functional acrylates and 
monomers bearing sugar moieties.
160
 In all cases near-quantitative conversions and 
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narrow MWDs were observed further demonstrating the versatility of the technique. 
Solvent screening was also performed (MA was employed as the model monomer) to 
ascertain their compatibility with the system including alcohols, fluorinated solvents, 
solvent that induce phase separation,
161, 162
 toluene, dioxane, anisole. Although in 
most cases the rate was significantly slower (~ 24 h) full conversion was obtained 
along with low dispersities. Toluene, dioxane and anisole gave rise to uncontrolled 
polymers (Đ > 1.46) due to limited solubility of the Cu(II) complexes. Finally, water 
was also utilised as the solvent for the photo-induced polymerisation of PEGA. 
Interestingly, poor control over the MWDs was observed (Đ > 1.45) probably due to 
the increased stability of the Cu(II) amine complexes in water.  Nevertheless, 
mixture of water with DMSO gave rise to well-defined polymers (Đ < 1.20).
 The high end-group fidelity of the system was further exploited for the 
synthesis of multiblock copolymers in a one pot process.
163
  A wide range of 
molecular weights (DP = 3-100 per block) were also targeted to demonstrate the 
versatility of the technique. The amine employed (Me6-Tren) is considered to be 
consumed by a photo reduction during the irradiation and therefore polymerisation 
requires replenishing through a feed process in order to maintain the polymerisation 
rates. Under these optimised conditions, very high conversions were attained in each 
cycle yielding well-defined block (co)polymers with narrow MWDs (Ð <1.20) at 
ambient temperatures. However, telechelic multiblock copolymers and higher 
amount of blocks (> 11 chain extensions) could not be obtained. 
 Haddleton’s protocol has since been readily translated into a continuous flow 
process, reported by Junkers and co-workers, whereby poly(MA) homopolymers and 
poly-(MA)-b-(n-BA) block copolymers were prepared in the micro and milli flow 
reactors.
164
 The same group utilised this procedure for the synthesis of 
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monodispersed sequence defined acrylate oligomers via consecutive single unit 
monomer insertion reactions. Nevertheless, intermediate purification of the 
compounds was essential to overcome the statistical nature of the radical insertion 
process.
165
 Finally, the photo-induced copper mediated polymerisation was 
employed for the synthesis of methacrylate-acrylate block copolymers by alternating 
the ligand from Me6-Tren to PMDETA.
166
 However, successful synthesis of block 
copolymers is only observed when the PMMA block is polymerised first and if all 
the PMDETA ligand and residual monomer are completely removed prior to 
addition of the acrylate. 
  A mechanistic insight for the Cu(II)-mediated photo-induced polymerisation 
was initially conducted by Haddleton’s group. According to the proposed 
mechanism (Scheme 1.9a), the initial photo-activation occurs in the free ligand 
(ligand is used in excess in respect to copper) and subsequently outer-sphere electron 
transfer (OSET) occurs from the excited state of the ligand to the alkyl halide 
initiator leading to the scission of the C-Br bond. In this stage an initiating radical, a 
ligand radical cation along with a Br 
- 
as a counterion are formed. The initiating 
radical mediates the propagation step based on the deactivation reaction imposed by 
the presence of the deactivating species (Cu(II)(Me6-Tren)Br2). Deactivation results 
in the formation of the dormant species (Pn-Br) and Cu(I)(Me6-Tren)Br2 complex 
which is oxidised back to (Cu(II)(Me6-Tren)Br2) upon reaction with the Me6-Tren 
radical cation. However, since the deactivation process in the only pathway to form 
the activating species, one would expect very low polymerisation rates to be 
observed which is contradictory with the experimental data obtained. 
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Scheme 1.9: Proposed mechanistic pathways from (a) Haddleton’s,167 (b) 
Matyjaszewski’s168 and (c) Barner-Kowollik’s in collaboration with Haddleton’s group.169 
 Matyjaszewski and co-workers subsequently employed the same system and 
carried out both experimental and kinetic simulations in an attempt to unravel this 
complex mechanism (Scheme 1.9b).
168
 The dominant mode of activator 
(re)generation is the photochemically mediated reduction of Cu(II) complexes by an 
excess of amine groups. This was proposed to be a photochemical ARGET ATRP 
process, with the amine becoming oxidised to the corresponding radical cation, 
which can initiate a new chain after proton transfer. The second step was reported to 
Proposed Mechanisms for the 
Photo-induced Polymerisation
(a)
(b)
(c)
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be the synergistic radical generation between alkyl halide species and the ligand, in a 
similar vein to a photochemical ICAR ATRP. However, since the ICAR process 
occurs approximately 1 order of magnitude slower than the ARGET, its contribution 
is significantly lower. Additionally, other processes involved such as direct 
photochemical cleavage of the alkyl halide, photochemical radical generation from 
the ligand, or ligand with monomer are minor reactions that were also shown to have 
a minor role. It is noted, that it was not sufficiently demonstrated how an adequate 
amount of initiator radicals can be generated under irradiation to rapidly start the 
polymerisation. 
Both the aforementioned proposed mechanistic studies were based on kinetic 
experiments without employing any other characterisation techniques (e.g. mass 
spectrometry) and thus not sufficient evidence is given. Barner-Kowollik and co-
workers in collaboration with the Haddleton group, presented a thorough 
mechanistic study based on pulsed-laser polymerisation (PLP)
170-172
 and 
electrospray-ionisation mass spectrometry (ESI-MS)
173
 offering a comprehensive 
understanding of the mechanism (Scheme 1.9c).
169
 Interestingly, their findings 
indicated that the initiation of the polymerisation occurs via the photo-induced C-Br 
bond scission of the initiator (note that EBiB is not considered to be a photo-
initiator) which can either react with the initially present Cu(II) species or it can 
mediate the propagation step. The generation of the activating species Cu(I) occurs 
via the electron transfer reaction between the excited amine ligand and the Cu(II) 
species. Additionally, the ligand is also proposed to act as a reducing agent 
quenching the excited Cu(II) species and forming the corresponding Cu(I) complex 
and the amine radical cation. However, apart from the ligand, other species were also 
shown to promote the generation of the activating species including alkyl and 
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bromine radical as demonstrated by mass spectrometry. Regardless of the 
mechanism, Cu(II)-mediated polymerisation allows for the controlled synthesis of 
novel materials with additional applications arising from the precise spatiotemporal 
control.  
In this work, the main focus is to expand the scope of this newly developed 
photo-induced Cu(II)-mediated polymerisation. The synthesis of α,ω-telechelic 
multiblock copolymers employing various bi-functional initiators will be attempted 
targeting various chain lengths at below ambient temperature. The symmetrical 
nature of these telechelic materials will be demonstrated by cleaving the S-S bond of 
a tridecablock copolymer (initiated by a disulphide initiator). The compatibility of 
this system with special solvents and catalysts will also be investigated. Importantly, 
in an attempt to overcome the main limitations of this technique (e.g. ligand 
degradation), two novel discrete complexes will be synthesised demonstrating 
advanced characteristics and advantages over the previous approach.  
In the second part the polymerisation of acrylamides will be investigated 
utilising a different polymerisation protocol, aqueous Cu(0)-mediated RDRP, since 
the light mediated system is not compatible with these monomers. A wide range of 
molecular weights will be targeted and the end-group fidelity will be exploited by in 
situ chain extensions and block copolymerisations. 
In the final chapter, the synthesis of semifluorinated triblock copolymers in a 
multigram scale capable to afford subsequent industrial testing will be described 
utilising the photo-induced RDRP. This is an ongoing project funded from Lubrizol 
and thus only a few initial studies will be presented which basically set the scene for 
future work. 
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Chapter 2 
 
Photo-induced synthesis of α,ω-telechelic sequence-
controlled multiblock copolymers 
 
  
In this chapter, the photo-induced RDRP has been employed to synthesise α,ω-telechelic 
multiblock copolymers of a range of acrylic monomers. Under carefully optimised 
conditions, a well-defined tricosablock (23 blocks) copolymer was obtained (Ð = 1.18) with 
high conversion (98%) achieved throughout all the iterative monomer additions. Crucially, 
a reduced temperature (15 °C) was found to result in an observed decrease in the 
dispersities (1.14 vs 1.45) as opposed to when higher temperatures (50 °C) were employed. 
A number of bi-functional initiators were employed, including ethylene bis(2-
bromoisobutyrate) (EbBiB), a PEG initiator (av. Mw = 1000 g.mol
-1
) and bis[2-(2′-
bromoisobutyryloxy)ethyl]disulphide ((BiBOE)2S2) resulting in low dispersed multiblock 
copolymers in various molecular weights (DPn ~ 2/13/50/100 per block). Impressively, a 
high molecular weight undecablock (11 blocks) copolymer, of Mn = 150000 g.mol
-1
 and Ð = 
1.22 was also synthesised. In order to demonstrate the symmetry of the resulting telechelic 
materials, a well-defined tridecablock (13 blocks, Ð = 1.18, Mn = 25000 g.mol
-1
) was 
synthesised utilising a bi-functional disulfide initiator which was cleaved post 
polymerisation, yielding a polymer with narrow MWD at half the molecular weight of the 
parent polymer (Ð = 1.10, Mn = 12400 g.mol
-1
). 
DP=2/13/50/100
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2.1 Introduction 
 
A major challenge for polymer chemistry is to mimic the complexity of 
biological macromolecules via synthetic methods. Natural polymers such as peptides 
and proteins are sophisticated complex structures that exhibit perfect monomer 
sequence in order to fulfil a predefined function. However, synthetic analogues of 
these domains have not yet been realised, although notable progress has been made 
over the past few years to achieve better control over the polymer primary 
sequence.
1, 2
 Various approaches have been explored to precisely control the 
monomer sequence including single monomer addition,
3, 4
 tandem monomer addition 
and modification,
5, 6
 kinetic control,
7-9
 as well as solution
10-15
 and segregated
16
 
templating. 
The implementation of single monomer addition via radical chain growth 
polymerisation techniques is challenging, if not impossible, given the reactive nature 
of the radical. However, the ability to control the sequence of multiple discrete 
regions within a macromolecular structure allows the introduction of functional 
domains along the polymer backbone. Thus, many RDRP techniques
17-20
 have been 
developed for the synthesis of multiblock copolymers in an attempt to satisfy four 
major requirements i) quantitative or near-quantitative conversion for each block, ii) 
no purification step involved between each monomer addition, iii) low dispersities 
for all the blocks and iv) high end-group functionality.  
 These criteria were initially introduced by Whittaker and his co-workers 
utilising Cu(0)-mediated RDRP to synthesise a well-defined (Ð ~ 1.20) acrylic 
hexablock copolymer (DP ~ 2 per block) in a very high yield.
18, 21, 22
 When larger 
DP blocks were targeted (DP ~ 100 per block) triblocks and quasi-pentablock 
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copolymers could be prepared, however, a limitation was reached as full monomer 
conversion could not be achieved throughout the monomer additions.
23
 The same 
technique was subsequently utilised by Haddleton and co-workers for the synthesis 
of multiblock glycopolymers with a good degree of monomer sequence control.
24, 25
 
The same group also demonstrated applicability of acrylamides reporting various 
acrylamide multiblock copolymers in < 5 h 
26, 27
 employing aqueous Cu(0)-mediated 
RDRP.
27
  
An alternative approach utilising RAFT has also been developed recently by 
Perrier and co-workers synthesising an icosablock copolymer comprising of 
acrylamides in both organic and aqueous media.
19, 28-31
 However, the high 
temperature (~70 °C) employed is the main limitation of this approach. High 
temperatures are disadvantageous for the polymerisation of monomers that possess 
an LCST upon polymerisation (e.g. NIPAM) while unavoidable termination and side 
reactions (e.g. backbiting, chain transfer) are also more likely to occur as the 
temperature is increased.
32
 
Recently, Haddleton and co-workers reported the photo-induced RDRP of 
acrylates in the presence of ppm concentration of CuBr2 and Me6-Tren.
33, 34
 A family 
of four acrylic monomers was employed including: methyl acrylate (MA), ethyl 
acrylate (EA), ethylene glycol methyl ether acrylate (EGA) and solketal acrylate 
(SA). The high end-group fidelity of the obtained polymers was subsequently 
exploited for the synthesis of acrylic multiblock copolymers without any need for 
purification between the iterative monomer additions. However, a limitation of this 
work was reached as “only” 12 blocks (11 chain extensions) could be achieved when 
utilising a mono-functional initiator before accumulated termination had a 
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detrimental effect on the dispersity. Moreover, a pentablock copolymer (DP ~ 100 
per block, final Mn = 80000 g.mol
-1
, Ð = 1.21) was found to be the upper limitation 
of this system and higher molecular weight multiblock copolymers were not 
obtained
20
. Therefore the synthesis of a,ω-telechelic materials would be able to 
circumvent these issues as the same number of chain extensions would result in a 
higher number of blocks (2n-1 blocks for n chain extensions) and thus less 
termination and side reactions. Furthermore, telechelic materials are of high interest 
due to the ability to functionalise both ends post polymerisation and further enhance 
their properties.
35
 Moreover, the utility of bi-functional macroinitiators (e.g. PEG) 
allows for the incorporation of additional properties alongside the polymer 
backbone
36
.  
In this chapter, the synthesis of α,ω-telechelic multiblock copolymers 
utilising various bi-functional initiators, including EbBiB, ((BiBOE)2S2) and a PEG 
initiator is investigated. The photo-induced one pot multi-step sequential 
polymerisation process was employed to yield a well-defined tricosablock 
copolymer (23 blocks, 12 chain extensions, Đ ~ 1.18). Importantly, the reaction 
temperature was discovered to have a significant effect on the control over the 
molecular distributions as a dispersity of 1.45 was obtained for the nonadecablock 
copolymer at 50 °C (vs 1.14 when the polymerisation was performed at 15 °C). 
Subsequently, the effect of chain length was investigated allowing for higher 
molecular weight blocks to be obtained. Remarkably, an undecablock (11 blocks) 
copolymer, of Mn = 150000 g.mol
-1
, Ð = 1.22 could be attained, which represents the 
highest molecular weight multiblock copolymer reported to date. Finally, when a 
disulfide initiator was employed, the final tridecablock (13 blocks, Mn = 25000 
g.mol
-1
, Ð = 1.18) copolymer was subsequently cleaved yielding an impressively 
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well-defined polymer at exactly half of the molecular weight (Mn = 12400 g.mol
-1
, Ð 
= 1.10), thus illustrating the symmetrical nature of the materials prepared. 
2.2 Results and Discussion 
 
 
Scheme 2.1: General scheme for the synthesis of α,ω-telechelic multiblock copolymers via 
photo-induced RDRP utilising EbBiB. 
 
 Initially, the ability of the bi-functional initiator (EbBiB) to afford multiblock 
copolymers was investigated utilising previously employed conditions (Scheme 
2.1).
33
 A feed ratio of [I]:[CuBr2]:[Me6-Tren] = [1]:[0.04]:[0.24] was employed in 
DMSO (50% v/v with respect to monomer) while an additional amount of  
[CuBr2]:[Me6-Tren] in DMSO ([0.04]:[0.24] in respect to initiator) was injected in 
the reaction mixture upon every third monomer addition, following previously 
optimised conditions.
20 
Upon sampling the conversions were determined by 
1
H NMR 
analysis (Section 2.4.4, Figure 2.13), using the signals at 5.5-6.5 ppm and at 3.5 ppm 
which are attributed to the acrylic and OCH3 groups, respectively. After 10 h, full 
monomer conversion was attained (Ð = 1.40) and a deoxygenated solution of EA 
and DMSO (2:1) was subsequently injected in the reaction mixture. A relatively high 
dispersity of the first block was measured with addition of the second aliquot of 
monomer giving a relative reduction in the dispersity (Ð = 1.29), which was 
maintained for all of the following monomer additions (Ð = 1.25-1.35, Table 2.1, 
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Section 2.4.4, Table 2.4). In particular, the final nonadecablock (10 chain extensions) 
copolymer presented a bimodal molecular weight distribution (Ð = 1.45, Figure 2.1 
and 2.3), thus suggesting considerable termination events and/or side reactions under 
these conditions. A greater extent of termination for a telechelic initiator (in 
comparison with a mono-functional analogue) is not surprising given the increase in 
the number of initiating sides (2-fold). 
 
 
Figure 2.1: Molecular weight distributions for successive cycles during synthesis of the 
nonadecablock copolymer (DP = 4 per chain extension or DP = 2 per block) in DMSO at 50 
o
C. 
 
 In an attempt to optimise the conditions, it was speculated that a lower 
reaction temperature might suppress the unwanted termination events and/or side 
reactions. It should be noted that in the initial work no difference in the rate (or the 
control) between a typical UV experiment (~50 °C) and the one carried out at lower 
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temperature (~25 °C) was observed for the synthesis of a homopolymer.
20
 However, 
since bi-functional multiblock copolymers are more complex structures (and the 
system is forced to reach full conversion multiple times, thus termination is more 
likely to accumulate) any termination would be highlighted in such a system.  In 
order to verify this hypothesis the effect of temperature was investigated using a cold 
plate (Section 2.4.4, Figure 2.14) to maintain the temperature at ~15 °C. Kinetic 
experiments for  the polymerisation of MA at 50 °C and 15 °C utilising typical 
conditions (DP = 50) revealed similar rates (4 h vs 5 h respectively) and ln[M]o/[M]t 
increased linearly with time in both cases demonstrating a constant radical 
concentration (Figure 2.2, Section 2.4.4, Figures 2.15 & 2.16). 
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Figure 2.2: Kinetic data for the photo-induced polymerisation of MA at (a) 50 °C and (b) 15 
°C utilising EbBiB. 
 
  Encouragingly, the homopolymerisation of MA furnished polymers with 
lower final dispersity (Ð = 1.20 vs Ð = 1.40 for the typical UV experiment). 
Following several monomer additions, a nonadecablock copolymer (10 chain 
extensions) was obtained and the low dispersity was retained (Ð = 1.14 vs Ð = 1.45 
for the typical UV experiment, Figure 2.3, Table 2.1).  
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Figure 2.3: Comparison of final molecular weight distributions (nonadecablock copolymer) 
obtained under optimised conditions (“cooling” plate) and unoptimised conditions via photo-
induced RDRP. 
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Table 2.1: Comparison of multiblock copolymers obtained under optimised conditions 
(“cooling” plate) and unoptimised conditions via photo-induced RDRP. 
Cycle 
 Un-optimised conditions  
 
 
 
 Optimised Conditions 
Conv. 
(%) 
Mn,th  
(g.mol
-1
) 
Mn,SEC  
(g.mol
-1
) 
Ð 
 
 
 
 
 
 
 
 
 
Conv. 
(%) 
Mn,th  
(g.mol
-1
) 
Mn,SEC  
(g.mol
-1
) 
Ð 
 
1 100 700 265 1.40   100 700 400 1.20 
2 99 1100 750 1.29   99 1100 950 1.20 
3 99 1600 1400 1.27   99 1600 1500 1.19 
4 99 2400 2000 1.26   99 2400 2200 1.16 
5 98 2700 2900 1.26   98 2700 3000 1.14 
6 99 3100 3800 1.25   99 3100 3600 1.14 
7 98 3400 5000 1.26   98 3400 4700 1.13 
8 99 4100 6000 1.28   99 4100 5500 1.14 
9 99 4600 8000 1.35   99 4600 6500 1.15 
10 99 5000 8300 1.45   98 5000 7400 1.14 
11 -  - -   99 5700 8200 1.19 
12 -  - -   98 6100 9600 1.18 
13 -  - -   100 6400 13000 1.28 
 
 Remarkably, under the optimised “cooling” conditions the nonablock 
copolymer could be further chain extended to yield a tricosablock copolymer, 
poly(EA2-b-SA2-b-EA2-b-EGA2-b-SA2-b-MA2-b-EGA2-b-MA2-b-SA2-b-EGA2-b-
EA2-b-MA2-I-MA2-b-EA2-b-EGA2-b-SA2-b-MA2-b-EGA2-b-MA2-b-SA2-b-EGA2-
b-EA2-b-SA2-b-EA2) (or poly(MA2-b-EA2-b-EGA2-b-SA2-b-MA2-b-EGA2-b-MA2-
b-SA2-b-EGA2-b-EA2-b-SA2-b-EA2)2  (Ð = 1.18, Mn = 9600 g.mol
-1
). Beyond this, 
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further chain extensions resulted in broader molecular weight distributions (Figure 
2.4). Nevertheless, a pentacosablock copolymer (25 blocks, 13 chain extensions) was 
attained in a quantitative manner (100% conversion, Ð = 1.28, Mn = 13000 g.mol
-1
), 
which represents the largest number of blocks reported in the literature to date 
(Section 2.4.4, Figures 2.17 & 2.18, Table 2.5). 
 
 
Figure 2.4: Molecular weight distributions for successive cycles during synthesis of the 
tricosablock copolymer (DP = 4 per chain extension or DP = 2 per block) in DMSO at 15 
o
C. 
 
 Higher molecular weight block lengths were also targeted as an attempt to 
further investigate this system. Thus, a multiblock copolymer comprised of 13 repeat 
units per block (or 26 repeat units per chain extension) was attempted. Excellent end-
group fidelity was confirmed by MALDI-ToF-MS for the initial homopolymer with 
the main polymer peak distribution corresponding to PMA initiated by the EbBiB 
and terminated by two bromine atoms (Figure 2.5c,d). Pleasingly, upon 6 chain 
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extensions, this photo-induced polymerisation protocol afforded a well-defined 
undecablock copolymer (11 blocks, 6 chain extensions, Ð = 1.17, Mn = 22000 g.mol
-
1 
(Figure 2.5a,b, Table 2.2, Section 2.4.4, Table 2.6). A small high molecular weight 
shoulder can be observed in SEC which could be attributed to bimolecular coupling 
as indicated by the Mp value of the shoulder being at double the molecular weight as 
opposed to the main polymer peak distribution. However, it is important to note that 
for bi-functional initiators (and resulting telechelic polymers) termination by 
bimolecular coupling still maintains a near perfect bi-functional polymer with 
bromine chain ends. 
 
 
Figure 2.5: (a) Molecular weight distributions, (b) 
1
H NMR for the successive cycles during 
synthesis of the undecablock copolymer (DP = 26 per chain extension or DP = 13 per block) 
in DMSO at 15 
o
C and (c), (d) MALDI-ToF-MS of the first chain extension. 
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 The livingness of a system is strongly correlated with the DP targeted. 
Thus, the next target was to assess if multiblock copolymers exhibiting longer blocks 
could also result in well-defined polymers under our conditions. High molecular 
weight blocks are of great interest due to their ability to self-assemble and phase-
separate forming higher ordered structures.
37-39
When each block was composed by 
50 repeat units (100 repeat units per chain extension) the one pot, multistep 
sequential photo-induced polymerisation furnished a nonablock copolymer (5 chain 
extensions) with a low final dispersity (Ð = 1.18) (Figure 2.6, Table 2.2) and 
quantitative or near-quantitative (> 98%) conversions maintained throughout the 
sequential monomer additions (Section 2.4.4, Figure 2.19, Table 2.7). It should be 
noted that quantitative conversions are important to ensure the structural integrity of 
the multiblocks and the high yield of the final material. Moreover, when the 
polymerisations are carried out to complete or high conversions, the monomer 
concentration decreases significantly and thus the propagation process is slow, 
whereas bimolecular termination, being second order with respect to radical 
concentration, becomes more prominent. Thus, pushing this system to reach full 
conversion upon each monomer addition further demonstrates the robustness and the 
versatility of the technique. 
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Figure 2.6:  Molecular weight distributions for the successive cycles during synthesis of the 
nonablock copolymer (DP = 100 per chain extension or DP = 50 per block) in DMSO at 15 
o
C. 
 
Table 2.2: Summary of multiblock copolymers prepared utilising EbBiB. 
Multiblock Copolymer 
No.
 
of 
blocks 
Conversion 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC 
(g.mol
-1
) 
Đ 
 
DP = 2 
 
 
 
23 99 6400 9600 1.18 
DP = 13 
 
 
 
11 99 19000 22000 1.17 
DP = 50 
 
 
 
9 98 58000 56000 1.18 
DP = 100 
 
 
 
9 99 117000 107000 1.19 
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Identical conditions were subsequently applied for a multiblock 
copolymerisation with even higher chain length (DP = 200 per addition or 100 per 
block). The first 3 chain extensions proceeded as expected, with a final dispersity = 
1.09 while good correlation between the theoretical and the experimental values 
further confirms the controlled/living character of the polymerisation. However, 
during the polymerisation of the heptablock copolymer, cessation of the stirring was 
observed (Figure 2.7a) due to the increased viscosity. Unfortunately, the addition of 
the fourth aliquot of monomer did not restore the stirring and two layers were formed 
in the reaction vial (upper layer: monomer, bottom layer: macroinitiator), disturbing 
the efficient mixing of the monomer with the macroinitiator. However, with the use 
of a vortex mixer (2 min) the mixture became homogeneous again and subsequently 
the vial was re-exposed to UV irradiation. Although stirring ceased again after a few 
hours, the polymerisation surprisingly reached quantitative conversion and the 
MWDs of the nonablock copolymer remained narrow (Ð = 1.19). The procedure was 
repeated yielding a well-defined undecablock copolymer (13 blocks, 6 chain 
extensions, Ð = 1.22, Mn = 150000 g.mol
-1
 (Figure 2.7b, Table 2.2, Section 2.4.4, 
Figure 2.20, Table 2.8). 
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Figure 2.7: (a) Photo of the undecablock copolymer (DP = 200 per chain extension or DP = 
100 per block) obtained upon cessation of the stirring in DMSO at 15 
o
C and (b) molecular 
weight distributions for the successive cycles during synthesis of the nonablock copolymer 
(DP = 200 per chain extension or DP = 100 per block) in DMSO at 15 
o
C. 
 
It should be noted that in RDRP techniques (ATRP, SET-LRP, RAFT etc.) 
which involve radicals, termination will always occur despite the best efforts to 
suppress this. Termination events and side reactions are best highlighted by plotting 
the evolution of molecular weight with each addition of monomer (Figure 2.8). In 
the absence of termination, Mn should increase linearly, with little deviation  from 
Mn,th. This is indeed the case for DP = 13/50/100 (Figure 2.8b, c, d), where the good 
correlation between theoretical and experimental values confirms the 
controlled/living character of the polymerisations. However, a deviation  in the final 
molecular weight is observed for lower targeted DP, (Figure 2.8a) where good 
agreement is maintained only up to the 6
th
 chain extension. After this point, an 
upward shift in Mn was observed which can be attributed to coupling reactions that 
occur as a result of the increased reaction times. Nevertheless, such highly complex 
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structures can be obtained in very high yields with very narrow MWDs for all the 
DP targeted. 
 
Figure 2.8: Evolution of number average molecular weights and dispersity with the number 
of blocks or the preparation of (a) tricosablock copolymer (DP = 2), (b) undecablock 
copolymer (DP = 13), (c) nonablock copolymer (DP = 50) and (d) undecablock copolymer 
copolymer (DP = 100). The blue line represents the theoretical molecular weight, black and 
red squares represent the experimental Mn and Mw from SEC, green cycles represent the 
dispersity from SEC. 
 
The use of PEG macroinitiators (both mono-functional and bi-functional) is 
common in the synthesis of block copolymer and  has attracted considerable interest 
for various applications.
36
 Thus, we were interested to test the versatility of this 
technique utilising a bi-functional PEG initiator, which was synthesised according to 
a literature protocol (Section 2.4.4, Figures 2.21-2.23).
40
 From the perspective of 
multiblock preparation it should be noted that the incorporation of a PEG 
macroinitiator would result in 2n + 1 blocks for n chain extensions. Pleasingly, a 
well-defined tridecablock copolymer was attained (DP = 26 per addition, DP = 13 
 
 
 
 
 
 
 
 
 
 
0
5000
10000
15000
20000
25000
M
w
/M
n
M
n
(g
/m
o
l)
DP=13
1 2 3 4 5 6
1.0
1.1
1.2
Number of cycles
0
5000
10000
15000
M
w
/M
n
M
n
(g
/m
o
l)
DP=2
1 2 3 4 5 6 7 8 9 10 11 12 13 14
1.0
1.1
1.2
1.3
Number of cycles
20000
40000
60000
M
w
/M
n
M
n
(g
/m
o
l)
DP=50
1 2 3 4 5
1.0
1.1
1.2
Number of cycles
0
50000
100000
150000
200000
M
w
/M
n
M
n
(g
/m
o
l)
DP=100
1 2 3 4 5 6
1.0
1.1
1.2
Number of cycles
(a) (b)
(c) (d)
Chapter 2 
 
 
 
Vasiliki Nikolaou  65 
 
per block, Ð = 1.15, Mn = 24600 g.mol
-1 
(Figure 2.9). Further chain extensions 
resulted in broader MWDs. Nevertheless, a pentadecablock copolymer could be 
obtained in a quantitative manner with Mn = 29000 g.mol
-1
 and Ð = 1.24 (Table 2.3, 
Section 2.4.4, Figures 2.24 & 2.25, Table 2.9). Thus, macroinitiators were proved to 
be compatible with the optimised polymerisation conditions. 
 
 
Figure 2.9: Molecular weight distributions for the successive cycles during synthesis of the 
tridecablock copolymer (DP = 26 per chain extension or DP = 13 per block) utilising a PEG 
bi-functional initiator in DMSO at 15 
o
C. 
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Table 2.3: Summary of multiblock copolymers obtained utilising a PEG and a disulphide bi-
functional initiator respectively. 
Multiblock Copolymer 
Conv. 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC 
(g.mol
-1
) 
Đ 
 
 
 
98 22000 29000 1.24 
 
 
99 21000 25000 1.18 
 
Typically, the synthesis of near perfect bi-functional polymers can be 
demonstrated experimentally by post polymerisation modification, halogen exchange 
experiments and chain extension.
41
 Chain extension verifies the functionality of the 
prepared poly(acrylates) by demonstrating that at least one chain end has active 
bromine end-groups. However, it does not confirm that polymerisation is initiated 
from both α,ω-chain ends. In order to assess the retention of both chain ends, a 
disulphide initiator was employed for the preparation of a multiblock copolymer. 
MALDI-ToF-MS of the initial homopolymer confirmed the existence of the α,ω-
bromine functional polymer chains and the presence of the initiator (and thus the S-S 
moieties, Figure 2.9c,d) in the polymer backbone. This high end-group fidelity was 
subsequently exemplified by one pot sequential additions, yielding a tridecablock 
copolymer with narrow molecular weight distribution (Ð = 1.18) and final Mn of 
25000 g.mol
-1
 (Figure 2.9a,b, Table 2.3, Section 2.4.4, Table 2.10). 
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Figure 2.10: (a) Molecular weight distributions, (b) 
1
H NMR for the successive cycles 
during synthesis of the tridecablock copolymer (DP = 26 per chain extension or DP = 13 per 
block) in DMSO at 15 
o
C utilising (BiBOE)2S2 and (c), (d) MALDI-ToF-MS of the first 
chain extension. 
 
 Subsequently, an excess of tributylphosphine was added in order to reduce 
the disulphide bond. Within 2 h quantitative reduction was observed as indicated by 
the complete shift of the molecular peak distribution from Mn = 25000 g.mol
-1
 (Ð = 
1.18) to Mn = 12400 while maintaining low dispersity (Ð = 1.10, Figure 2.11 & 
2.12). Despite the high complexity of these multiblocks structures, this is indicative 
of a telechelic polymerisation proceeding throughout the multi-step additions. 
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Figure 2.11: Complete reduction of the tridecablock copolymer utilising tributylphosphine. 
 
10000 100000
0.0
0.5
1.0
w
lo
g
M
MW (g.mol
-1
)
Chapter 2 
 
 
 
Vasiliki Nikolaou  69 
 
 
Figure 2.12: 
1
H NMR of the (a) tridecablock copolymer (DP = 26 per chain extension or 
DP = 13 per block) in DMSO at 15 
o
C, utilising (BiBOE)2S2 and (b) 
1
H NMR of the reduced 
tridecablock copolymer. 
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2.3 Conclusions 
 
 In this chapter, the synthesis of α,ω-telechelic multiblock copolymers via 
photo-induced RDRP of acrylic monomers was presented. Various bi-functional 
initiators were successfully employed to yield well-defined multiblock copolymers 
in high yields, exhibiting narrow MWDs (Ð < 1.19) with different chain lengths (DP 
~ 4/26/100/200 per chain extension or DP ~ 2/13/50/100 per block). Crucially, low 
temperatures were found to decrease the dispersity values from 1.45 (50 °C) to 1.14 
(15 °C), suggesting increased termination and side reactions at elevated 
temperatures. Under these optimised conditions, a well-defined tricosablock 
copolymer (Ð = 1.18, Mn = 9500 g.mol
-1
, DP ~ 2 per block) and a high molecular 
weight undecablock copolymer (Ð = 1.22, Mn = 150000 g.mol
-1
) were obtained 
which represent the highest number of blocks and the highest molecular weight 
multiblock respectively to date. Finally, the symmetrical nature of the telechelic 
materials was demonstrated by cleaving the S-S bond of a tridecablock copolymer 
(initiated by a disulphide initiator), furnishing a low dispersed multiblock copolymer 
at half of the molecular weight of the telechelic starting material. 
 
2.4 Experimental 
 
2.4.1 Materials and Methods 
 
 All materials were purchased from Sigma Aldrich or Fischer Scientific unless 
otherwise stated. Copper(II) bromide (CuBr2) and tributylphosphine were used as 
received. All monomers were passed through a basic Al2O3 chromatographic column 
prior to use to remove the inhibitor. Tris-(2-(dimethylamino)ethyl)amine (Me6-Tren) 
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was synthesised according to previously reported literature.
42
 Solketal acrylate was 
synthesised according to a reported procedure
43
 and distilled under reduced pressure 
(45 °C, 10
-1 
mbar) to yield a colourless liquid. EbBiB, PEG (av. Mw = 1000 g.mol
-1
) 
and ((BiBOE)2S2)  were also synthesised according to literature protocols.
40, 44
 
 
2.4.2 Instrumentation 
 
 1
H NMR spectra were recorded on Bruker DPX-250 and DPX-300 
spectrometers using deuterated chloroform (CDCl3) obtained from Aldrich. 
Chemical shifts are given in ppm downfield from the internal standard 
tetramethylsilane. Size exclusion chromatography (SEC) measurements were 
conducted using an Agilent 1260 GPC-MDS fitted with differential refractive index 
(DRI), light scattering (LS) and viscometry (VS) detectors equipped with 2 × PLgel 
5 mm mixed-D columns (300 × 7.5 mm), 1 × PLgel 5 mm guard column (50 × 7.5 
mm) and autosampler. Narrow linear poly(methyl methacrylate) standards in range 
of 200 to 1.0 × 10
6
 g.mol
-1
 were used to calibrate the system. All samples were 
passed through 0.45 µm PTFE filter before analysis. The mobile phase was 
chloroform with 2% triethylamine at a ﬂow rate of 1.0 mL/min. SEC data was 
analysed using Cirrus v3.3. Matrix assisted laser desorption ionization mass 
spectrometry (MALDI-ToF-MS)  was conducted using a Bruker Daltonics Ultraflex 
II MALDI-ToF-MS mass spectrometer, equipped with a nitrogen laser delivering 2 
ns laser pulses at 337 nm with positive ion ToF detection performed using an 
accelerating voltage of 25 kV. Solutions in tetrahydrofuran (50 μL) of trans-2-[3-(4-
tert-butylphenyl)-2-methyl-2-propylidene] malonitrile (DCTB) as matrix (saturated 
solution), sodium iodide as cationisation agent (1.0 mg/mL) and sample (1.0 mg/mL) 
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were mixed, and 0.7 μL of the mixture was applied to the target plate. Spectra were 
recorded in reflector mode calibrating PEG-Me 1100 kDa. The source of UV light 
was a UV nail gel curing lamp (available online from a range of suppliers) (λmax ~ 
360 nm) equipped with four 9W bulbs. The “cooling” plate utilised for this study 
was from CAMLAB (KP283). 
 
2.4.3 General procedures 
 
(a) Typical procedure for the preparation of multiblock copolymers by photo-
induced living radical polymerisation without purification. 
 Filtered monomer (DP equiv.), EbBiB (1 equiv.), CuBr2 (0.04 equiv.), Me6-
Tren (0.24 equiv.) and DMSO (2 mL) were added to a septum sealed vial and 
degassed by purging with nitrogen for 15 min. Polymerisation commenced upon 
placement of the degassed reaction vessel under UV lamp. Samples were taken 
periodically (0.05 ml) and conversions were measured using 
1
H NMR and SEC 
analysis. 
 For the iterative chain extensions, an aliquot of a degassed monomer (DP 
equiv.), in DMSO (50% v/v) was added via a nitrogen-purged syringe and again the 
solution was allowed to polymerise in the lamp. When required, a fresh solution of 
CuBr2 (0.04 equiv.), Me6-Tren (0.24 equiv.) in DMSO was fed together with the 
monomer via a nitrogen-purged syringe. The above polymerisation-extension 
procedure was repeated as required. 
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(b) Disulfide reduction 
 The reduction of the disulphide bond is adapted from a reported 
procedure
44
. A 50 mL round bottom flask was charged with the final multiblock 
copolymer (0.1 g obtained via precipitation in methanol), tributylphosphine (100 
equiv.) and THF (10 mL). The reaction was allowed to stir for 2 h at ambient 
temperature. The volatiles were removed by rotary evaporation to yield the reduced 
product, which was subsequently characterised by 
1
H NMR and SEC. 
 
2.4.4 Additional Characterisation 
 
Figure 2.13: 
1
H NMR for the successive cycles during synthesis of the nonadecablock 
copolymer (DP=4 per chain extension or DP=2 per block) in DMSO at 50 
o
C. 
  
 
7 6 5 4 3 2 1
10
9
8
7
6
5
4
2
1
 (ppm)
3
Chapter 2 
 
 
 
Vasiliki Nikolaou  74 
 
Table 2.4: Characterisation data for the synthesis of the nonadecablock copolymer (DP=4 
per chain extension or DP=2 per block) obtained from UV experiment: 
[MA]:[EbBiB]:[CuBr2]:[Me6-Tren] =  [4]:[1]:[0.04]:[0.24] in DMSO at 50 
o
C. 
Cycle 
Multiblock copolymer 
composition 
Time 
(h) 
Monomer 
conversion 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC  
(g.mol
-1
) 
Ð 
 
1 
 
poly(MA2)2 10 100 700 265 1.40 
2 
 
poly(MA2-b-EA2)2 10 99 1100 750 1.29 
3 
 
poly(MA2-b-EA2-b-
EGA2)2 
11 99 1600 1400 1.27 
4 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2)2 
11 99 2400 2000 1.26 
5 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2)2 
12 98 2700 2900 1.26 
6 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2-b-
EGA2)2 
12 99 3100 3800 1.25 
7 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2-b-
EGA2-b-MA2)2 
14 98 3400 5000 1.26 
8 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2-b-
EGA2-b-MA2-b-SA2)2 
18 99 4100 6000 1.28 
9 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2-b-
EGA2-b-MA2-b-SA2-b-
EGA2)2 
24 99 4600 8000 1.35 
10 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2-b-
EGA2-b-MA2-b-SA2-b-
EGA2-b-EA2)2 
24 99 5000 8300 1.45 
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Figure 2.14: Typical set up for the photo-induced RDRP, utilising a “cooling” plate. 
 
 
Figure 2.15: SEC analysis showing the molecular weight evolution during the kinetic 
experiment of photo-induced polymerisation of MA at 50 °C utilising EbBiB. 
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Figure 2.16: SEC analysis showing the molecular weight evolution during the kinetic 
experiment of photo-induced polymerisation of MA at 15 °C utilising EbBiB. 
 
 
Figure 2.17: Molecular weight distributions for successive cycles during synthesis of the 
pentacosablock copolymer (DP = 4 per chain extension or DP = 2 per block) in DMSO at 15 
o
C. 
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Figure 2.18: 
1
H NMR for the successive cycles during synthesis of the pentacosablock 
copolymer (DP = 4 per chain extension or DP = 2 per block) in DMSO at 15 
o
C. 
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Table 2.5: Characterisation data for the synthesis of the pentacosablock copolymer (DP = 4 
per chain extension or DP = 2 per block) obtained from UV experiment: 
[MA]:[EbBiB]:[CuBr2]:[Me6-Tren] =  [4]:[1]:[0.04]:[0.24] in DMSO at 15 
o
C. 
Cycle 
Multiblock copolymer 
composition 
Time 
(h) 
Monomer 
conversion 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC  
(g.mol
-1
) 
Ð 
 
1 
 
poly(MA2)2 12 100 700 400 1.20 
2 
 
poly(MA2-b-EA2)2 12 99 1100 950 1.20 
3 
 
poly(MA2-b-EA2-b-
EGA2)2 
12 99 1600 1500 1.21 
4 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2)2 
12 99 2400 2200 1.16 
5 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2)2 
14 98 2700 3000 1.14 
6 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2-b-
EGA2)2 
14 99 3100 3600 1.14 
7 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2-b-
EGA2-b-MA2)2 
14 98 3400 4700 1.13 
8 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2-b-
EGA2-b-MA2-b-SA2)2 
14 99 4100 5500 1.14 
9 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2-b-
EGA2-b-MA2-b-SA2-b-
EGA2)2 
20 99 4600 6500 1.15 
10 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2-b-
EGA2-b-MA2-b-SA2-b-
EGA2-b-EA2)2 
24 98 5000 7400 1.14 
11 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2-b-
EGA2-b-MA2-b-SA2-b-
EGA2-b-EA2-b-SA2)2 
24 99 5700 8200 1.19 
12 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2-b-
EGA2-b-MA2-b-SA2-b-
EGA2-b-EA2-b-SA2-b-
EA2)2 
32 99 6100 9600 1.18 
13 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2-b-
EGA2-b-MA2-b-SA2-b-
EGA2-b-EA2-b-SA2-b-
EA2- MA2)2 
48 100 6400 13000 1.28 
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Table 2.6: Characterisation data for the synthesis of the undecablock copolymer (DP = 26 
per chain extension or DP = 13 per block) obtained from UV experiment: 
[MA]:[EbBiB]:[CuBr2]:[Me6-Tren] =  [26]:[1]:[0.04]:[0.24] in DMSO at 15 
o
C. 
Cycle 
Multiblock copolymer 
composition 
Time 
(h) 
Monomer 
conversion 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC  
(g.mol
-1
) 
Ð 
 
1 
 
poly(MA2)2 4 99 2600 2700 1.08 
2 
 
poly(MA2-b-EA2)2 6 99 5200 5800 1.05 
3 
 
poly(MA2-b-EA2-b-
EGA2)2 
8 98 8600 9300 1.06 
4 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2)2 
12 99 13400 12800 1.08 
5 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2)2 
24 98 15600 17000 1.13 
6 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2-b-
EGA2)2 
48 99 19000 22000 1.17 
 
 
 
Figure 2.19: 
1
H NMR for the successive cycles during synthesis of the nonablock 
copolymer (DP = 100 per chain extension or DP = 50 per block) in DMSO at 15 
o
C. 
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Table 2.7: Characterisation data for the synthesis of the nonablock copolymer (DP = 100 
per chain extension or DP = 50 per block) obtained from UV experiment: 
[MA]:[EbBiB]:[CuBr2]:[Me6-Tren] =  [100]:[1]:[0.04]:[0.24] in DMSO at 15 
o
C. 
Cycle 
Multiblock copolymer 
composition 
Time 
(h) 
Monomer 
conversion 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC  
(g.mol
-1
) 
Ð 
 
1 
 
poly(MA2)2 3 99 9000 9100 1.05 
2 
 
poly(MA2-b-EA2)2 8 99 19000 19800 1.07 
3 
 
poly(MA2-b-EA2-b-
EGA2)2 
12 99 32000 34000 1.08 
4 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2)2 
24 98 50000 44500 1.10 
5 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2)2 
48 97 59000 56000 1.18 
 
 
 
Figure 2.20:
 1
H NMR for the successive cycles during synthesis of the undecablock 
copolymer (DP = 200 per chain extension or DP = 100 per block) in DMSO at 15 
o
C. 
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Table 2.8: Characterisation data for the synthesis of the undecablock copolymer (DP = 200 
per chain extension or DP = 100 per block) obtained from UV experiment: 
[MA]:[EbBiB]:[CuBr2]:[Me6-Tren] =  [200]:[1]:[0.04]:[0.24] in DMSO at 15 
o
C. 
Cycle 
Multiblock copolymer 
composition 
Time 
(h) 
Monomer 
conversion 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC 
(g.mol
-1
) 
Ð 
 
1 
 
poly(MA2)2 3 98 18000 19000 1.04 
2 
 
poly(MA2-b-EA2)2 8 99 38000 41000 1.03 
3 
 
poly(MA2-b-EA2-b-
EGA2)2 
12 98 64000 61000 1.08 
4 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2)2 
24 98 101000 81000 1.09 
5 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2)2 
32 99 118000 107000 1.19 
6 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2-b-
EGA2)2 
48 99 144000 150000 1.22 
 
 
 
Figure 2.21:
 1
H NMR spectrum of poly(ethylene glycol) bis(2-bromoisobutyrate) (PEG 
initiator, av. Mw=1000 g.mol
-1
). 
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Figure 2.22:
 
FT-IR spectrum of PEG initiator, av. Mw=1000 g.mol
-1
. 
 
 
Figure 2.23:
 
MALDI-ToF-MS spectrum of PEG initiator, av. Mw=1000 g.mol
-1
. 
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Figure 2.24: Molecular weight distributions for the successive cycles during synthesis of the 
of the pentadecablock copolymer, utilising PEG initiator (av. Mw=1000 g.mol
-1
) (DP = 26 
per chain extension or DP = 13 per block) in DMSO at 15 
o
C. 
 
 
Figure 2.25: 
1
H NMR for the successive cycles during synthesis of the of the 
pentadecablock copolymer, utilising PEG initiator (av. Mw=1000 g.mol
-1
) (DP = 26 per 
chain extension or DP = 13 per block) in DMSO at 15 
o
C. 
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Table 2.9: Characterisation data for the synthesis of the pentadecablock copolymer (DP = 
26 per chain extension or DP = 13 per block) obtained from UV experiment: [MA]:[Bi-
functional PEG]:[CuBr2]:[Me6-Tren] =  [26]:[1]:[0.04]:[0.24] in DMSO at 15 
o
C. 
Cycle 
Multiblock copolymer 
composition 
Time 
(h) 
Monomer 
conversion 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC  
(g.mol
-1
) 
Ð 
 
1 
 
poly(MA2)2 3 99 3500 5100 1.06 
2 
 
poly(MA2-b-EA2)2 6 99 6100 8300 1.07 
3 
 
poly(MA2-b-EA2-b-
EGA2)2 
8 98 9500 11600 1.08 
4 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2)2 
11 99 14000 16000 1.09 
5 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2)2 
16 98 16500 18600 1.14 
6 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2-b-
EGA2)2 
24 98 20000 24600 1.15 
7 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2-b-
EGA2-b-MA2)2 
48 99 22000 29000 1.24 
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Table 2.10: Characterisation data for the synthesis of the tridecablock copolymer (DP = 26 
per chain extension or DP = 13 per block) obtained from UV experiment: [MA]:[Disulphide 
initiator]:[CuBr2]:[Me6-Tren] = [26]:[1]:[0.04]:[0.24] in DMSO at 15 
o
C, utilising 
(BiBOE)2S2. 
Cycle 
Multiblock copolymer 
composition 
Time 
(h) 
Monomer 
conversion 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC  
(g.mol
-1
) 
Ð 
 
1 
 
poly(MA2)2 3 99 2700 3200 1.12 
2 
 
poly(MA2-b-EA2)2 6 99 5300 6300 1.08 
3 
 
poly(MA2-b-EA2-b-
EGA2)2 
8 98 8700 9600 1.06 
4 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2)2 
12 99 13500 13600 1.07 
5 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2)2 
18 98 15700 17500 1.08 
6 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2-b-
EGA2)2 
24 99 19000 21000 1.11 
7 
 
poly(MA2-b-EA2-b-
EGA2-b-SA2-b-MA2-b-
EGA2-b-MA2)2 
48 98 21000 25000 1.18 
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Chapter 3 
 
Synthesis of well-defined poly(acrylates) in ionic liquids via 
copper(II) mediated photo-induced RDRP 
 
 
In this chapter, the photo-induced RDRP of acrylates in a variety of ionic liquids (ILs) has 
been investigated. 1-Ethyl-3-methylimidazolium ethyl sulphate [emim][EtSO4], 1-heptyl-3-
methylimidazolium bromide [C7mim][Br], 1-hexyl-3-methylimidazolium tetrafluoroborate 
[C6mim][BF4], 1-hexyl-3-methylimidazolium hexafluorophosphate [C6mim][PF6] and 1-
octyl-3-methylimidazolium hexafluorophosphate [C8mim][PF6] were employed as solvents 
for the homopolymerisation of a variety of acrylates. Polymerisation proceeded in a 
controlled manner in most cases, as evidenced by kinetic studies, narrow molecular weight 
distributions (Ð ~ 1.1) and quantitative conversions (> 99%) within 30 min. MALDI-ToF-
MS and 
1
H NMR confirmed very high end-group fidelity, which was further exemplified by 
in situ chain extensions and block copolymerisations, yielding well-defined block 
copolymers in a quantitative manner. Interestingly, all polymerisations in ILs experienced 
a significant acceleration on the rate of polymerisation without compromising the end-
group fidelity, as opposed to the slower rates observed when DMSO was used as the 
solvent. The versatility of the approach was also demonstrated by polymerisation of MA to 
a number of chain lengths (Mn ~ 4500 – 40000 g.mol
-1
) furnishing poly(acrylates) with low 
dispersities in all cases (Ð ~ 1.1). Importantly, extraction of the obtained polymer with 
toluene allowed the IL/catalyst solution to be reused as the solvent for further 
polymerisations without affecting the living nature of the polymerisation. Moreover, the 
polymer extracted into the toluene (copper-free) can be used directly for post 
polymerisation modifications (e.g. click reactions). 
 Fast rates
Recyclability
ILs
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3.1 Introduction 
 
Ionic liquids (ILs) are organic salts that are liquid at ambient temperature and 
are usually composed of large organic cations and small inorganic or organic anions. 
Over the past few years significant attention has been directed towards ILs due to 
their unique properties including low volatility, chemical stability, high conductivity 
and wide electrochemical window.
1, 2
 ILs are of considerable interest to synthetic 
chemists as replacement solvents for chemical reactions, including hydrogenation, 
alkylation, Diels-Alder coupling,
3, 4
 etc. One key advantage of using ILs for the 
synthesis of low molecular weight compounds, is that the products can be separated 
simply by evaporation, thus enabling the IL solution to be reused for subsequent 
reaction cycles.
5, 6
Aside from the obvious environmental  benefits of such an 
approach, the large number of cations and anions that can  be used in an IL provide 
for a wide range of physical and chemical characteristics allowing control over the 
reaction processing and solvent-solvent interactions to be tailored for the specific 
situation.
2
 
To date, ILs have been applied to various RDRP systems, including RAFT 
(introduced for the first time by Davis and co-workers)
7, 8
 and NMP (developed by 
Mays, Aldabbagh, Zetterlund, Yamada and co-workers).
9, 10
 In the case of TMM-
LRP, the use of ILs was pioneered by Haddleton and co-workers
11
 who utilised 1-
butyl-3-methyl-imidazolium hexafluorophosphate [bmim][PF6] as the solvent for the 
CuBr mediated RDRP of methyl methacrylate (MMA) which demonstrated narrow 
MWDs (Ð ~ 1.3) and relatively fast polymerisation rates, as observed in other polar 
solvents (solvent-induced acceleration was also obtained during the free radical 
polymerisation of MMA in ILs).
12
 Although the polymer was recovered with only 
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ppm levels of copper via a simple solvent wash, the recycling of the ionic 
liquid/catalyst mixture was not attempted.
11
 Matyjaszewski and co-workers 
subsequently reported the ATRP of MMA in the presence of ILs that could interact 
with the transition metal, thus providing an ATRP system that could operate in the 
absence of additional organic ligands.
13
 Percec et al. also reported the RDRP of 
MMA in ILs catalysed by the self-regulated Cu2O/2,2’– bipyridine system, 
demonstrating 100% initiator efficiency and yielding polymers with narrow 
MWDs.
14
 However, in all the aforementioned reports only methacrylates have been 
studied and relatively fast polymerisation rates (fastest achieved = 82% conversion in 
1 h, Ð ~ 1.36) were realised only at relatively high temperatures (~ 70 ºC), with 
substantial decrease in the rate observed at lower temperatures (~ 22 ºC). Moreover, 
chain extensions and block copolymerisations were not reported and thus high end-
group fidelity was not demonstrated. On a different note, Kubisa and co-workers 
investigated the ATRP of acrylates in ILs, though narrow MWDs were only observed 
for relatively low molecular weight polymers (Mn ~ 1000-4000 g.mol
-1
) and block 
formation could be achieved only upon purification of the macroinitiators.
15, 16
 
In this chapter the photo-induced RDRP
17
 of acrylates in ILs, in the presence 
of low concentration of CuBr2 and Me6-Tren under UV irradiation is investigated. 
The homopolymerisation of a diverse range of acrylates including methyl acrylate 
(MA), n-butyl acrylate (n-BA), ethylene glycol methyl ether acrylate (EGA) and 
poly(ethylene glycol) methyl ether acrylate (PEGA, Mn ~ 480) was attempted in five 
different ILs. Among them, [C6mim][BF4], [C6mim][PF6] and [C8mim][PF6] 
facilitate the rapid polymerisation of acrylates achieving full monomer conversion (> 
99%) in less than 30 min while maintaining narrow MWDs (Ð ~ 1.1) and very high 
end-group fidelity (by 
1
H NMR and MALDI-ToF-MS) for a range of molecular 
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weights. The excellent degree of control was confirmed by demonstrating first order 
reaction kinetics, which indicated a constant concentration of propagating radicals 
and good agreement between the theoretical and experimental molecular weights. 
The exceptional end-group fidelity was further demonstrated via in situ chain 
extensions and block copolymerisation upon sequential monomer addition, 
furnishing higher molecular weight monomers with low dispersities (Ð ~ 1.1). 
Remarkably, the IL/catalyst solution could be reused several times after extraction of 
the homopolymer with toluene, proving true recyclability of the catalyst without any 
effect on the control over the MWDs or polymerisation rate. 
 
3.2 Results and Discussion 
 
The photo-induced RDRP of acrylates in ILs (Scheme 3.1) was carried out using 
EBiB as initiator, CuBr2 (0.02 equiv. with respect to initiator) and Me6-Tren (0.12 
equiv. with respect to initiator) at 50% v/v at ambient temperature. A selection of ILs 
was used in order to investigate variations in polymerisations arising from changes in 
the properties of the reaction medium. 
Chapter 3 
 
 
 
Vasiliki Nikolaou  92 
 
 
Scheme 3.1: Ionic liquids utilised as solvents for the photo-induced RDRP of acrylates. 
 
Initially the homopolymerisation of MA in [C6mim][BF4] was attempted. The 
polymerisation proceeded rapidly with full monomer conversion obtained in less 
than 30 min, as determined by 
1
H NMR (Section 3.4.4, Figure 3.12). Kinetic studies 
revealed that the polymerisation fulfils the criteria of a controlled/living radical 
polymerisation with ln[M]0/[M]t increasing linearly with time demonstrating a 
constant radical concentration (Figure 3.1). The good agreement between the 
experimental molecular weights and the theoretical values also confirms the 
controlled character of the polymerisation. It should be noted that the polymerisation 
in IL proceeded with an enhanced polymerisation rate compared with that observed 
in DMSO under otherwise identical conditions
17
 (> 95% conversion in 30 min vs 90 
min for DMSO).  Moreover, SEC indicated a mono-modal molecular weight 
distribution which shifts to higher molecular weight with increasing conversion 
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(Section 3.4.4, Figure 3.13), as would be anticipated for a living system with good 
control. Finally, the dispersity values remained low throughout the polymerisation. 
 
 
Figure 3.1: Kinetic data for the photo-induced polymerisation of MA in (a) [C6mim][BF4], 
(b) [C6mim][PF6] and (c) [C8mim][PF6]. 
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The high degree of control attained in the polymerisation was also confirmed 
utilising MALDI-ToF-MS analysis of the final polymer obtained directly from the 
reaction mixture (> 99% conversion). A single polymer peak distribution was 
observed corresponding to PMA initiated by the EBiB fragment and terminated by a 
bromine atom (Figures 3.2a,b). In addition, 
1
H NMR also indicated excellent end-
group fidelity (> 99%), as evaluated by comparison of the signals from the –CH3 
groups of the isobutyrate group of EBiB (~ 1.0 ppm) with the ω-terminal methine 
signal from the polymer backbone (~ 4.3 ppm). This high end-group fidelity was 
verified by in situ chain extension of the PMA (99% conversion in 30 min, Ð ~ 1.10) 
after addition of a second aliquot of MA without the requirement to purify the 
macroinitiator (Section 3.4.4, Figure 3.14). SEC analysis revealed a complete shift to 
higher molecular weights while the molecular weight distributions remained narrow 
(Ð ~ 1.10) (Figure 3.2c). Addition of a second aliquot of a different acrylic monomer 
(EGA or PEGA) resulted in a one-pot block copolymerisation, furnishing a well-
defined block copolymers with low dispersity values (Ð ~ 1.12), even at high 
monomer conversion (> 99%) (Figures 3.2d & Section 3.4.4, Figure 3.14, Figure 
3.15). 
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Figure 3.2: (a) and (b) MALDI-ToF-MS analysis of PMA, (c) in situ chain extension and 
(d) block copolymerisation from a PMA macroinitiator. Initial conditions 
[MA]:[EBiB]:[CuBr2]:[Me6-Tren] = [50]:[1]:[0.02]:[0.12], [C6mim][BF4] (50% v/v). 
 
Higher molecular weight poly(acrylates) were subsequently targeted. A well-
defined PMA (DP = 200) with a narrow MWDs was obtained within 30 min (Mn = 
15100 g.mol
-1
, Ð ~ 1.10). In addition, when the chain length was extended to DP = 
400, control of the polymerisation was retained with good agreement between 
theoretical and experimental molecular weight and low dispersity (Ð ~ 1.11). In both 
cases the polymerisation was allowed to reach near-quantitative conversion (98%) 
prior to SEC analysis. Thus, it was demonstrated that good control over the MWDs 
was not just limited to polymers with a low targeted molecular weight (Figure 3.3, 
Table 3.2). 
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Figure 3.3: SEC analysis of PMA with various DP prepared by photo-induced RDRP in 
[C6mim][BF4]. 
 
The scope of the polymerisation in [C6mim][BF4] was subsequently expanded 
utilising a number of acrylic monomers including n-BA, EGA and PEGA (Table 
3.1). Both EGA and PEGA were polymerised successfully, exhibiting fast 
polymerisation rates (~ 30 min for the reaction to reach full conversion) and low 
dispersity values (Ð < 1.19) for the resulting polymer at quantitative or near-
quantitative conversions, illustrating the robustness of the technique (Figure 3.4). 
Unfortunately, n-BA could not be successfully polymerised in a controlled manner 
using [C6mim][BF4], possibly due to the limited solubility, with the SEC revealing 
bimodality (Section 3.4.4, Figure 3.16).  
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Figure 3.4: SEC analysis for the synthesis of (a) PEGA, initial conditions: 
[EGA]:[EBiB]:[CuBr2]:[Me6-Tren] = [50]:[1]:[0.02]:[0.12] and (b) PPEGA in initial 
conditions: [PEGA]:[EBiB]:[CuBr2]:[Me6-Tren] = [15]:[1]:[0.02]:[0.12]  [C6mim][BF4] 
(50:50 v/v monomer/ionic liquid).  
 
Table 3.1: Summary of photo-induced RDRP of various acrylates in ionic liquids. 
Monomer IL 
t 
(min) 
Conv. 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC 
(g.mol
-1
) 
Đ 
MA 
DP = 50 
1 35 > 99 4500 4900 1.14 
2 960 0 - - - 
3 35 > 99 4500 4800 1.16 
4 960 11 500 1700 Bimodal 
5 35 99 4500 5100 1.07 
EGA 
DP = 50 
1 35 99 6700 7600 1.12 
2 960 0 - - - 
3 35 99 6700 7300 1.17 
4 960 45 3000 6000 Bimodal 
5 35 > 99 6700 6600 1.10 
n-BA 
DP = 50 
1 960 90 5900 6200 Bimodal 
2 960 0 - - - 
3 960 93 6100 6900 Bimodal 
4 960 85 5600 53000 Bimodal 
5 35 97 6500 6400 1.22 
PEGA 
DP = 15 
1 35 > 99 7300 6900 1.18 
2 960 99 7300 8200 5.40 
3 35 99 7300 6800 1.17 
4 960 0 - - - 
5 35 98 7200 8700 1.19 
 
The polymerisation of acrylates in [C6mim][PF6] was also investigated. 
Again homopolymerisation of MA proceeded quickly at ambient temperature, 
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attaining high conversion (> 99%) in 30 min with SEC analysis revealing a linear 
increase in number average molecular weight (Mn) with increasing conversion, 
excellent agreement with theoretical Mn and low dispersity (Ð ~ 1.16) (Figure 3.5). 
Kinetic analysis confirmed a largely first order reaction kinetics with monomer and 
propagating radical concentration (Figure 3.1b & Section 3.4.4, Figure 3.17). To 
further explore the degree of control obtained in this polymerisation, final polymer 
samples were analysed by MALDI-ToF-MS (Figure 3.5). Only one major polymer 
peak distribution was detected which corresponds to ω-bromo-terminated PMA, thus 
indicating high bromo end-group fidelity and minimal side reactions (i.e. chain 
transfer).
18
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 Figure 3.5:  (a) SEC  and  (b),(c) MALDI-ToF-MS analyses for the synthesis of PMA in 
[C6mim][PF6] (50:50 v/v monomer/ionic liquid). Initial conditions: 
[MA]:[EBiB]:[CuBr2]:[Me6-Tren] = [50]:[1]:[0.02]:[0.12].  
 
 The livingness/controlled character of the system was further supported by 
chain extension (with a second aliquot of MA) and block copolymerisation with 
either EGA or PEGA. In all cases, a clear shift to higher molecular weights was 
evident by SEC and no low or high molecular weight shoulder could be observed, 
despite the in situ addition at full conversion of the macroinitiator (PMA > 99% 
conversion) (Section 3.4.4, Figure 3.18). Well-defined diblock homo/block 
copolymers (Ð ~ 1.14) could be obtained without compromising the initial fast rate 
of polymerisation, as > 97% conversion could be achieved in 1 h of reaction time 
(Table 3.2, Figure 3.6, Section 3.4.4, Figure 3.19). 
 
 
Figure 3.6:  SEC analysis for block copolymerisation of (a) EGA and (b) PEGA from a 
PMA macroinitiator in [C6mim][PF6] (50:50 v/v monomer/ionic liquid). Initial conditions: 
[MA]:[EBiB]:[CuBr2]:[Me6-Tren] = [50]:[1]:[0.02]:[0.12]. Chain extension achieved upon 
addition of an aliquot of EGA (50 equiv.) or PEGA (15 equiv.) in [C6mim][ PF6] (33% v/v).  
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Subsequently, in order to probe the potential of this IL in the synthesis of 
higher molecular weight polymers, higher degrees of polymerisation were targeted 
(DP = 200 and 400). The ratio of [CuBr2]:[Me6-Tren] = [1]:[6] was maintained for 
these polymerisations, resulting in high conversions within 30 min (~ 97%) and 
narrow molecular weight distributions (Ð ~ 1.10) (Table 3.2, Figure 3.7). Different 
acrylic monomers, including EGA and PEGA (Section 3.4.4, Figure 3.20-3.21), were 
also polymerised furnishing well-defined homopolymers with good agreement 
between theoretical and experimental values and low dispersity (Ð < 1.17 in both 
cases). Similarly to [C6mim][BF4], [C6mim][PF6] was not suitable for the controlled 
polymerisation of n-BA (Table 3.1, Section 3.4.4, Figure 3.22). 
 
 
Figure 3.7:  SEC analysis for the synthesis of (a) PMA200 and (b) PMA400 in [C6mim][PF6] 
(50:50 v/v monomer/ionic liquid).  
 
In order to successfully catalyse the polymerisation of n-BA, it was 
hypothesised that a more hydrophobic IL would be required. Hence, [C8mim][PF6] 
was selected for the polymerisation of n-BA. Indeed, utilising this more 
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hydrophobic reaction medium the polymer retained solubility with no phase 
separation observed throughout the polymerisation. 
 
 
Figure 3.8: SEC analysis for the synthesis of PBA in [C8mim][PF6] (50:50 v/v 
monomer/ionic liquid). Initial conditions: [n-BA]:[EBiB]:[CuBr2]:[Me6-Tren] = 
[50]:[1]:[0.02]:[0.12]. 
 
 SEC revealed a mono-modal peak distribution with low dispersity (Ð ~ 1.22) 
(Table 3.1, Figure 3.8). Similarly, other acrylates (MA, EGA, PEGA) also presented 
narrow MWDs at quantitative or near-quantitative conversions (Section 3.4.4, Figure 
3.23) while the rate of the polymerisation was rapid, achieving very high conversions 
within 30 min (Figure 3.1c, Section 3.4.4, Figure 3.24). Higher molecular weight 
polymers and block copolymerisations (Figure 3.9, Section 3.4.4, Figure 3.23) were 
also successfully performed, evident of the high retention of end-group functionality 
during this polymerisation (Table 3.2). However, when the polymerisation of MA 
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was attempted in [emim][EtSO4], no conversion was observed by 
1
H NMR, even 
when the reaction was left to proceed overnight (16 h). Similar results were obtained 
for n-BA (no conversion) while the polymerisation of PEGA was uncontrolled (Ð ~ 
4) and finally EGA showed poor solubility in the reaction medium. Polymerisation of 
the aforementioned monomers in [C7mim][Br] was also unsuccessful with limited 
conversions and/or broad MWDs  (Section 3.4.4, Figures 3.25-3.28). Thus, it was 
concluded that both [emim][EtSO4] and [C7mim][Br] are unsuitable for the 
controlled polymerisation of acrylates under the conditions employed perhaps due to 
the more coordinating nature of the anion. 
 
 
Figure 3.9: SEC analysis for the (a) in situ chain extension and block copolymerisations of 
(b) n-BA (c) EGA and (d) PEGA from a PMA macroinitiator in [C8mim][PF6] (50:50 v/v 
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monomer/ionic liquid). Initial conditions: [MA]:[EBiB]:[CuBr2]:[Me6-Tren] = 
[50]:[1]:[0.02]:[0.12]. Chain extension achieved upon addition of an aliquot of n-BA (50 
equiv.), EGA (50 equiv.) or PEGA (15 equiv.) in [C8mim][ PF6] (33% v/v). 
 
Table 3.2: In situ chain extensions and block copolymerisations of PMA in ionic liquids. 
IL Block copolymer 
t 
(min) 
Conv. 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC 
(g.mol
-1
) 
Đ 
1 
PMA50-b-PMA50 60 98 8600 10000 1.12 
PMA50-b-PEGA50 60 100 11000 11700 1.12 
PMA50-b-PPEGA15 60 100 11700 12900 1.14 
PMA200 30 98 16000 15100 1.09 
PMA400 30 98 34000 32600 1.07 
3 
PMA50-b-PMA50 60 100 8800 9800 1.14 
PMA50-b-PEGA50 60 99 10900 11700 1.12 
PMA50-b-PPEGA15 60 100 11700 13000 1.19 
PMA200 30 98 16000 14800 1.10 
PMA400 30 99 34000 32800 1.09 
5 
PMA50-b-PMA50 60 100 8800 10900 1.07 
PMA50-b-PEGA50 60 98 11000 12000 1.06 
PMA50-b-PPEGA15 60 99 11500 10500 1.19 
PMA50-b-PBA50 60 98 10700 10800 1.11 
PMA200 30 97 16800 16000 1.06 
PMA400 30 96 32900 27000 1.07 
 
 Importantly, ILs have attracted considerable interest as  potential 
environmentally friendly solvents as they can be reused for organic reactions by 
evaporating the low molecular weight compounds while maintaining the catalyst in 
the IL reaction mixture given their low vapour pressure. However, in polymer 
science, this convenient reaction methodology cannot be employed due to the non-
volatile nature of the polymers. In order to circumvent this, organic solvents must be 
used to isolate the polymer from the IL solution and thus it can be argued that the 
advantage of using this environmentally friendly reaction medium is partly lost. 
However, in TMM-LRP systems, the extraction of the polymer with an organic 
solvent can potentially maintain the catalyst in the IL solution and thus allow for the 
recycling of the catalytic system (CuBr2/Me6-Tren). This is of considerable 
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importance as N-containing ligands are typically the most expensive reagents in the 
polymerisation. Thus, potential re-use of these compounds could be highly desirable. 
A further advantage of extracting the polymer with toluene (copper-free) is the 
possibility of subsequent post polymerisation modifications directly in the toluene 
solution without the need to remove the organic solvent (e.g. click reaction).
19
 In 
order to explore the possibility of reusing the IL solution, PMA was extracted from 
the polymerisation solution ([C6mim][BF4] or [C6mim][PF6]) using toluene until 
1
H-
NMR of both phases confirmed complete extraction of the polymer into the toluene 
phase (i.e. no polymer was detected in the IL solution) (Figure 3.10). 
 
 
Figure 3.10: 
1
H NMR of the extracted polymer in toluene (right) and the polymer free 
IL/catalytic phase (left). 
 
 The IL solution (which contains CuBr2/Me6-Tren) was subsequently charged 
with additional initiator and monomer and deoxygenated, resulting in a well-defined 
homopolymer, which exhibited similar polymerisation rate, control over the MWD 
and molecular weight predictability as in the initial polymerisation. This procedure 
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(extraction/charging with new monomer-initiator) was repeated three times. In all 
cases, quantitative conversion was achieved within 1 h while dispersity values 
remained as low as 1.12 (Figure 3.11). When the process was repeated for the fourth 
time, the polymerisation rate was slightly decreased, requiring 2 h to reach full 
conversion. Nevertheless, it was clearly demonstrated that with appropriate selection 
of the IL it was possible for the IL/catalyst to be recovered and reused several times 
without compromising the controlled/living features of the polymerisations. 
 
 
Figure 3.11: SEC analysis of PMA obtained from the recycling cycles of [C6mim][BF4]. 
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3.3 Conclusions 
 
 The synthesis of well-defined poly(acrylates) in ILs via photo-induced RDRP 
has been investigated. Five different ILs, including [emim][EtSO4], [C7mim][Br], 
[C8mim][PF6], [C6mim][BF4] and [C6mim][PF6], were employed for the 
homopolymerisation of MA, n-BA, EGA and PEGA. The use of [EtSO4] and [Br] as 
counter ions failed to mediate the controlled polymerisation of acrylates under our 
reaction conditions while the use of the larger and less coordinating [BF4] and [PF6] 
allowed for the RDRP of all monomers (with the exception of n-BA in [C6mim][BF4] 
and [C6mim][PF6]), presenting fast polymerisation rates, quantitative conversions (> 
98% in 30 min) good control over the MWDs ( Ð <1.15) and high end-group fidelity, 
as evidenced by both 
1
H NMR and MALDI-ToF-MS analysis. This high end-group 
fidelity was exemplified by sequential in situ chain extensions and block 
copolymerisations which lead to the synthesis of well-defined materials in a facile 
manner. Higher molecular weight polymers (Mn ~ 40000 g.mol
-1
) were also targeted, 
maintaining high conversions and low dispersity. Importantly, the combination of 
ppm concentrations of catalyst via this photo-induced polymerisation protocol with 
the recyclability of the IL/catalyst solution significantly contributes to the reduction 
of polymerisation cost and thus paves the way for the inexpensive synthesis of well-
defined materials. 
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3.4 Experimental 
 
3.4.1 Materials and Methods 
 
All materials were purchased from Sigma-Aldrich or Fischer Scientific and 
used as received unless otherwise stated. All monomers were passed through a basic 
Al2O3 chromatographic column prior to use to remove the inhibitor. Tris-(2-
(dimethylamino)ethyl)amine (Me6-Tren)
20
  and all ionic liquids employed in this 
study were synthesised according to previously reported literature.
21
  
 
3.4.2 Instrumentation 
 
1
H NMR spectra were recorded on Bruker DPX-250 and DPX-400 
spectrometers using deuterated chloroform (CDCl3) obtained from Aldrich. Chemical 
shifts are given in ppm downfield from the internal standard tetramethylsilane. Size 
exclusion chromatography (SEC) measurements were conducted using an Agilent 
1260 GPC-MDS fitted with differential refractive index (DRI), light scattering (LS) 
and viscometry (VS) detectors equipped with 2 × PLgel 5 mm mixed-D columns 
(300 × 7.5 mm), 1 × PLgel 5 mm guard column (50 × 7.5 mm) and an autosampler. 
Narrow linear poly (methyl methacrylate) standards in the range of 200 to 1.0 × 10
6
 
g·mol
-1
 were used to calibrate the system. All samples were passed through 0.45 µm 
PTFE filter before analysis. The mobile phase was chloroform with 2% triethylamine 
at a ﬂow rate of 1.0 mL/min. SEC data was analysed using Cirrus v3.3 software. 
Matrix Assisted Laser Desorption Ionisation Mass Spectrometry (MALDI-ToF-MS)  
was conducted using a Bruker Daltonics Ultraflex II MALDI-ToF-MS mass 
spectrometer, equipped with a nitrogen laser delivering 2 ns laser pulses at 337 nm 
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with positive ion ToF detection performed using an accelerating voltage of 25 kV. 
Solutions of trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propylidene] malonitrile 
(DCTB) as matrix (saturated solution) in tetrahydrofuran (50 μL), sodium iodide as 
cationisation agent (1.0 mg/mL) and sample (1.0 mg/mL) were mixed, and 0.7 μL of 
the mixture was applied to the target plate. Spectra were recorded in reflector mode 
calibrated with PEG-Me 1100 kDa. The source of UV light was a UV “nail gel 
curing lamp” (available online from a range of ad hoc suppliers) (λmax ~ 360 nm) 
equipped with four 9Watt bulbs.  
 
3.4.3 General procedures 
 
(a) Typical conditions for the photo-induced polymerisation of MA in ionic 
liquids 
Filtered monomer (DP equiv., 2 mL), ethyl bromoisobutyrate (EBiB) (1 
equiv.), CuBr2 (0.02 equiv.), Me6-Tren (0.12 equiv.) and IL (2 mL) were added to a 
septum sealed vial and purged with nitrogen for 15 min. Polymerisation 
commenced upon placement of the deoxygenated reaction vessel under the UV 
lamp. Samples were taken periodically and conversions were measured using 
1
H 
NMR and SEC analysis.  
For the chain extensions / block copolymerisations, a deoxygenated solution 
of MA (50 equiv.), EGA (50 equiv.), n-BA (50 equiv.) or PEGA480 (15 equiv.) in 
IL (50% v/v with respect to monomer) was added via a nitrogen-purged syringe and 
again the solution was allowed to polymerise under the lamp. Samples were taken 
periodically and conversions were measured using 
1
H NMR and SEC analysis. 
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(b) Typical procedure for the recycling experiment 
The crude polymerisation mixture (PMA in IL) was extracted with toluene 
(2 ml). This procedure was repeated three times and 
1
H NMR was utilised for the 
characterisation of both phases. Once extraction was complete as observed by 
1
H 
NMR, the (polymer free) IL phase was reused as the solvent for the 
homopolymerisation of MA without adding further CuBr2/Me6-Tren. 
 
3.4.4 Additional characterisation  
 
 
Figure 3.12: 
1
H NMR spectrum of PMA in [C6mim][BF4] (50:50 v/v monomer/ionic liquid) 
[MA]:[EBiB]:[CuBr2]:[Me6-Tren] = [50]:[1]:[0.02]:[0.12], integrated ratio of g : c = 0.99 : 
6.00. 
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Figure 3.13: SEC analysis showing the molecular weight evolution during the kinetic 
experiment of photo-induced polymerisation of MA in [C6mim][BF4] (left) and Mn,SEC and 
Mw/Mn vs. theoretical molecular weight Mn,th (right). 
 
 
Figure 3.14: 
1
H NMR for the in situ chain extension (up) and for the block copolymerisation 
(down) from a PMA macroinitiator in [C6mim][BF4] (50:50 v/v monomer/ionic liquid). 
Initial conditions: [MA]:[EBiB]:[CuBr2]:[Me6-Tren] = [50]:[1]:[0.02]:[0.12]. Chain 
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extension achieved upon addition of an aliquot of MA (50 equiv.) or EGA (50 equiv.) in 
[C6mim][BF4] (33% v/v).  
 
 
Figure 3.15: SEC and 
1
H NMR analysis for the block copolymerisation from a PMA 
macroinitiator in [C6mim][BF4] (50:50 v/v monomer/ionic liquid). Initial conditions: 
[MA]:[EBiB]:[CuBr2]:[Me6-Tren] = [50]:[1]:[0.02]:[0.12]. Chain extension achieved upon 
addition of an aliquot of PEGA (15 equiv.) in [C6mim][BF4] (33% v/v).  
 
 
Figure 3.16: SEC analysis for the synthesis of PBA in [C6mim][BF4] (50:50 v/v 
monomer/ionic liquid). Initial conditions: [n-BA]:[EBiB]:[CuBr2]:[Me6-Tren] = 
[50]:[1]:[0.02]:[0.12].  
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Figure 3.17: SEC analysis showing the molecular weight evolution during the kinetic 
experiment of photo-induced polymerisation of MA in [C6mim][PF6] (up) and Mn,SEC and 
Mw/Mn vs. theoretical molecular weight Mn,th (down). 
 
 
Figure 3.18: SEC and 
1
H NMR analysis for the in situ chain extension from a PMA 
macroinitiator in [C6mim][PF6] (50:50 v/v monomer/ionic liquid). Initial conditions: 
[MA]:[EBiB]:[CuBr2]:[Me6-Tren] = [50]:[1]:[0.02]:[0.12]. Chain extension achieved upon 
addition of an aliquot of MA (50 equiv.) in [C6mim][ PF6] (33% v/v).  
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Figure 3.19: SEC and 
1
H NMR analysis for block copolymerisation from a PMA 
macroinitiator in [C6mim][PF6] (50:50 v/v monomer/ionic liquid). Initial conditions: 
[MA]:[EBiB]:[CuBr2]:[Me6-Tren] = [50]:[1]:[0.02]:[0.12]. Chain extension achieved upon 
addition of an aliquot of EGA (50 equiv.) or PEGA (15 equiv.) in [C6mim][ PF6] (33% v/v).   
 
 
Figure 3.20: SEC and 
1
H NMR analysis for the synthesis of PEGA in [C6mim][PF6] (50:50 
v/v monomer/ionic liquid). Initial conditions [EGA]:[EBiB]:[CuBr2]:[Me6-Tren] = 
[50]:[1]:[0.02]:[0.12]. 
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Figure 3.21: SEC and 
1
H NMR analysis for the synthesis of PPEGA in [C6mim][PF6] (50:50 
v/v monomer/ionic liquid). Initial conditions [PEGA]:[EBiB]:[CuBr2]:[Me6-Tren] = 
[15]:[1]:[0.02]:[0.12]. 
 
Figure 3.22: SEC and 
1
H NMR analysis for the synthesis of PBA in [C6mim][PF6] (50:50 
v/v monomer/ionic liquid). Initial conditions [n-BA]:[EBiB]:[CuBr2]:[Me6-Tren] = 
[50]:[1]:[0.02]:[0.12]. 
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 Figure 3.23: SEC analysis for the synthesis of PMA (up left), PEGA (up right), PPEGA 
(down left) and high molecular weight PMA200 and PMA400 (down right) in [C8mim][ PF6] 
(50:50 v/v monomer/ionic liquid). Initial conditions: [EBiB]:[CuBr2]:[Me6-Tren] = 
[1]:[0.02]:[0.12].   
 
Figure 3.24: SEC analysis showing the molecular weight evolution during the kinetic 
experiment of photo-induced polymerisation of MA in [C8mim][ PF6] (left) and Mn,SEC and 
Mw/Mn vs. theoretical molecular weight Mn,th (right). 
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Figure 3.25: SEC analysis for the synthesis of PPEGA in [emim][EtSO4] (50:50 v/v 
monomer/ionic liquid). Initial conditions: [PEGA]:[EBiB]:[CuBr2]:[Me6-Tren] = 
[15]:[1]:[0.02]:[0.12]. 
 
Figure 3.26: SEC analysis for the synthesis of PMA in [C7mim][Br] (50:50 v/v 
monomer/ionic liquid). Initial conditions: [MA]:[EBiB]:[CuBr2]:[Me6-Tren] = 
[50]:[1]:[0.02]:[0.12]. 
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Figure 3.27: SEC analysis for the synthesis of PEGA in [C7mim][Br] (50:50 v/v 
monomer/ionic liquid). Initial conditions: [EGA]:[EBiB]:[CuBr2]:[Me6-Tren] = 
[50]:[1]:[0.02]:[0.12]. 
 
 
Figure 3.28: SEC analysis for the synthesis of PBA in [C7mim][Br] (50:50 v/v 
monomer/ionic liquid). Initial conditions: [n-BA]:[EBiB]:[CuBr2]:[Me6-Tren] = 
[50]:[1]:[0.02]:[0.12]. 
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Chapter 4 
 
Copper(II) gluconate (a non-toxic food supplement/dietary 
aid) as a precursor catalyst for effective photo-induced 
living radical polymerisation of acrylates 
 
 
Copper gluconate, is a widely used commercially available dietary supplement that can be 
exploited to metabolise copper and treat copper deficiency. In this chapter, copper gluconate 
is employed as a precursor catalyst for the photo-induced living radical polymerisation of 
acrylates. Optimised reaction conditions for efficient ligand transfer leads to well-defined 
polymers within 2 h with near-quantitative conversions (> 95%), low dispersities (Ð ~ 1.16) 
and high end-group fidelity, as demonstrated by MALDI-ToF-MS and in situ block 
copolymerisation. Additionally, in the presence of ppm concentrations of NaBr, similar 
degree of control could also be attained by facilitating ligand exchange, furnishing low 
dispersed polymers (Ð < 1.12). 
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4.1 Introduction 
 
One of the main perceived drawbacks of the RDRP techniques, is considered 
to be copper contamination of the products.
1
 The presence of trace metal, is often 
heralded as a weakness, due to potential toxicity of “heavy metals”, whilst one would 
argue that organic ligands and residual monomers should be of more concern. It is 
noted that this concern is not restricted to polymerisation and the use of “copper-free 
click” reactions are also prevalent as a way of carrying out less toxic reactions.2 A 
wide range of different protocols have been established with primary focus to 
minimise the catalyst loadings and to remove residual metals.
3-5
 A diverse array of 
external stimuli,
6
 including photochemical,
7-14
 pressure
15
 and electrochemical,
16
 have 
been developed, with photochemical control exhibiting excellent results when 
combined with copper-mediated polymerisation.
17-25
   
Although some heavy metals are indeed very toxic and poisonous, they are 
often essential for human life (e.g. Fe (haemoglobin), Co (vitamin B12), Cu etc.).
26-29
 
Copper, is involved in various biological processes (haemoglobin formation, 
carbohydrate metabolism, the cross-linking of collagen, hair keratin and the 
antioxidant defence mechanism etc.) while being incorporated into a number of 
metalloenzymes. Copper deficiency in humans, although relatively rare, is a known 
cause of hypochromic anaemia, leukopenia and various neurological 
manifestations.
30
 Interestingly, the World Health Organisation recommends a daily 
requirement of 0.6 mg per day with an estimated lethal dose in human adults of 10-
20 g.
31,
 
32
  
Generally, there is a misconception regarding copper toxicity and depending 
on the application and levels of impurities it is often desirable to copper residues 
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from products prior to use. Thus, the main focus of this chapter is the use of a 
commercially available, non-toxic food supplement (Cu(II) gluconate) as a precursor 
catalyst for the photo-induced polymerisation of acrylates. Under carefully optimised 
conditions the gluconate is allowed to exchange with Me6-Tren to form the active 
catalyst. This ligand was chosen as it has been shown to be very effective in this 
photo-mediated reaction.  
 
4.2 Results and Discussion 
 
Initially, the solubility of copper gluconate in DMSO was investigated. The 
commercially available tablet was ground into a fine powder and the reaction vessel 
was subsequently charged with methyl acrylate (MA), DMSO, ethyl bromo 
isobutyrate (EBiB), 2% copper gluconate (approximately 200 mg tablet containing 
1.1 mg Cu(II)) and 12% Me6-Tren.
7
 A dispersion was immediately formed, 
suggesting that the copper gluconate and/or additives (stated bulking agents include 
calcium phosphate, cellulose and magnesium stearate) had limited solubility in this 
particular solvent. As an attempt to demonstrate polymerisation in the presence of 
multiple functional groups and thus the presence and effect of the formulating agents 
was of interest.
33
  Despite these solubility issues, the polymerisation was allowed to 
proceed under UV irradiation (λ = 365 nm) for 2 h yielding an uncontrolled polymer 
(96%, Mn = 5500 g.mol
-1
, Ð = 2.30) (Table 4.1, Figure 4.1). To further investigate 
this result, commercial copper gluconate was employed, giving rise to an equally 
broad dispersed polymer (98%, Mn = 5400 g.mol
-1
, Ð = 1.80 after 2 h), while 
remaining partly insoluble (Table 4.1, Figure 4.1).  
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Figure 4.1: SEC analysis of PMA utilising (a) the dietary supplement and (b) pure Cu(II) 
gluconate. Initial conditions: [MA]:[EBiB]:[Cu(II) gluconate]:[Me6-Tren] = 
[50]:[1]:[0.02]:[0.12] in DMSO 50% v/v. 
 
There is a requirement for ligand exchange between the O-donor gluconate to 
N-donor ligands and a slow rate of the ligand exchange between the gluconate and 
Me6-Tren could be responsible for the inefficient deactivation of the polymer chains. 
Upon stirring Me6-Tren and copper gluconate for ~ 12 h, at ambient temperature, 
followed by the addition of both monomer and initiator and UV exposure for a 
further 2 h, 98% conversion was obtained with Mn = 5000 g.mol
-1
 and an 
encouragingly slight reduction in the observed dispersity (Ð = 1.50) (Table 4.1, 
Section 4.4.4, Figure 4.8). Interestingly, when the pre-mixing took place for 2 weeks 
prior to polymerisation, a well-defined polymer (96%, Mn = 5500 g.mol
-1
, Ð = 1.19) 
was obtained (Table 4.1, Figure 4.2), implying that when Me6-Tren replaces the 
gluconate entirely, an efficient deactivation can be mediated.  
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Figure 4.2: SEC analysis of PMA utilising Cu(II) gluconate (supplement) as the precursor 
catalyst. Initial conditions: [MA]:[EBiB]:[Cu(II) gluconate]:[Me6-Tren] = 
[50]:[1]:[0.02]:[0.12] in DMSO 50% v/v, pre-mixing of the Cu(II) gluconate/Me6-Tren 
complex for 2 weeks. 
 
 UV-Vis spectroscopy measurements were also performed. Upon addition of 
Me6-Tren on the copper gluconate solution, an instantaneous change in the UV 
spectrum was observed, resulting in identical absorbance characteristic peaks when 
compared with Me6-Tren/CuBr2 complex. No further change was monitored by UV 
within 2 weeks, despite the observed reduction in the dispersity of the product 
(Figure 4.3). Nevertheless, reduction in pre-mixing time scale to 1 week resulted in 
broader MWDs (97%, Mn = 5400 g.mol
-1
, Ð = 1.38) as opposed to pre-mixing for 2 
weeks (96%, Mn = 5500 g.mol
-1
, Ð = 1.19), suggesting that the substitution needed 
significant time in order to reach the desired equilibrium (Section 4.4.4, Figure 4.8). 
 
12 h
1 week
2 weeks
Ligand exchange is slow 1000 10000
0.0
0.5
1.0
1.5
2.0
2.5
w
lo
g
M
MW (g.mol
-1
)
    Conv.= 96 %
Mn = 5500 g.mol
-1
Đ = 1.19 
 
PMA
50
 
Chapter 4 
 
Vasiliki Nikolaou  124 
 
 
Figure 4.3: Monitoring effect of UV irradiation on Cu(II) gluconate/Me6-Tren in DMSO 
complex as a function of time by UV−vis spectroscopy. 
 
Table 4.1: Photo-induced polymerisation of MA utilising copper gluconate as the precursor 
catalyst. 
 
Entry [M]:[I]:[Cu]:[L] 
Conv. 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC 
(g.mol
-1
) 
Đ 
1 
[50]:[1]:[0.02]:[0.12] 
96 4300 5500 2.30 
2
a
 98 4400 5400 1.80 
3
b
 98 4400 5400 1.50 
4
c
 96 4300 5500 1.19 
              aUtilising pure copper gluconate, 
b,c
premixing for 12 h and 2 weeks respectively, prior to 
polymerisation 
 
In order to accelerate the ligand exchange rate, a solution of the pure copper 
gluconate (1 equiv.) with Me6-Tren (6 equiv.) in DMSO was left under UV 
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irradiation for ~ 2 h. Monomer and initiator were subsequently added in the 
polymerisation mixture yielding, within 2 h, a well-defined PMA (97%, Mn = 4900 
g.mol
-1
, Ð = 1.15) (Table 4.2, Section 4.4.4, Figure 4.9). Similar results were 
obtained when the food supplement was employed (98%, Mn = 5600 g.mol
-1
, Ð = 
1.16), highlighting the potential of this protocol to operate in the presence of various 
chemical environments/impurities (Table 4.2). The high end-group fidelity obtained 
during the polymerisation was confirmed by both 
1
H NMR and MALDI-ToF 
unveiling a single mass distribution corresponding to bromo-terminated polymer 
chains (Figure 4.4). 
 
 
Figure 4.4: (a) SEC, (b) 
1
H NMR, (c) and(d) MALDI-ToF-MS analyses of PMA obtained 
from the experiment [MA]:[EBiB]:[Cu(II) gluconate (supplement)]:[Me6-Tren] = 
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[50]:[1]:[0.02]:[0.12] in DMSO (50% v/v).  The pre-mixed Cu/L solution was left under UV 
irradiation for 2 h prior to polymerisation. 
 
In previous studies it has already been demonstrated that the temperature 
throughout the reaction fluctuates between 55 and 60 
o
C.
7
 Consequently, we repeated 
polymerisations under UV irradiation utilising a cooling plate to maintain lower 
temperatures (~ 15 
o 
C). After identical reaction times (2 h) 70% (Mn = 3900 g.mol
-1
, 
Ð = 1.33), (Section 4.4.4, Figure 4.10) and 75% (Mn = 4200 g.mol
-1
, Ð = 1.40) 
(Figure 4.5 (a)) conversions were obtained for pure gluconate and the food 
supplement respectively (Table 2), indicating that light also mediates ligand 
exchange, however, not as effectively as when combined with heat. Conversely, 
under purely thermal conditions, (60
o
C, no UV irradiation) well-defined polymers 
were attained in both cases (Mn = 4300 g.mol
-1
, Ð = 1.18 for pure gluconate and Mn = 
5200 g.mol
-1
, Ð = 1.19) for the dietary supplement, (Table 4.2, Figure 4.5 (b), 
Section 4.4.4, Figure 4.10) demonstrating that increased temperatures allows 
effective ligand exchange. 
 
 
Figure 4.5: SEC analysis of PMA utilising Cu(II) gluconate (supplement) as the precursor 
catalyst. Initial conditions: [MA]:[EBiB]:[Cu(II) gluconate]:[Me6-Tren] = 
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[50]:[1]:[0.02]:[0.12] in DMSO 50% v/v, pre-mixing of the Cu(II) gluconate/Me6-Tren 
complex for 2 h under UV irradiation at (a) 15 oC and (b) 60 oC. 
 
Table 4.2: Optimised reaction conditions for the photo-induced polymerisation of methyl 
acrylate. Both formulated tablet and pure copper(II) gluconate used as a precursor to Me6-
Tren exchange. 
 Conditions 
Conv. 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC 
(g.mol
-1
) 
Đ 
Tablet 
 
UV-Vis 98 4400 5600 1.16 
Cooling 
plate 
75 3400 4200 1.40 
Heat 
60 
o
C 
97 4400 5200 1.19 
NaBr 99 4500 5400 1.15 
Pure gluconate
 
UV-Vis 97 4400 4900 1.15 
Cooling 
plate 
70 3100 3900 1.33 
Heat 
60 
o
C 
95 4300 4300 1.18 
NaBr 98 4400 5100 1.12 
 
For applications where elevated temperatures are undesirable, an alternative 
synthetic route was also explored. The addition of ppm concentrations of  NaBr in 
the reaction mixture,
34
 gave rise to well-defined polymers without the need for 
elevated temperatures and pre-mixing protocols (Table 4.2). Near identical results 
were obtained for both the tablet (99%, Mn = 5400 g.mol
-1
, Ð = 1.15) and the pure 
copper gluconate (98%, Mn = 5100 g.mol
-1
, Ð = 1.12), (Section 4.4.4, Figure 4.11) 
with good correlation between the theoretical/experimental molecular weights and 
narrow molecular weight distributions. The excess bromide anion is able to promote 
ligand exchange presumably by coordinating to copper causing dissociation of a 
gluconate ligand. 
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Figure 4.6: SEC analysis of PMA with DP = 50, 200 prepared by photo-induced 
polymerisation utilising copper gluconate (supplement). Initial conditions: [EBiB]:[Cu(II)
 
(supplement)]:[Me6-Tren]:[NaBr] = [1]:[0.02]:[0.12]:[0.04] in DMSO (50% v/v) at 50
o
C. 
 
We were interested to assess whether the copper gluconate tablet could also 
support the synthesis of higher molecular weight polymers. In order to verify this, a 
higher degree of polymerisation (DP = 200) was targeted. High conversions and low 
dispersity were attained within 2 h (95%, Mn = 20000 g.mol
-1
, Ð = 1.09) (Figure 4.6). 
To further demonstrate the high end-group fidelity, in situ block copolymerisation of 
PMA (DP = 50, 96% in 2 h, Mn= 4400 g.mol
-1
, Ð = 1.13) with PEGA was attempted. 
Upon addition of a second aliquot of PEGA, a complete shift to higher molecular 
weight was evident by SEC, while the dispersity remained as low as 1.10 (DP = 15, 
98% in 10 h, Mn= 11000 g.mol
-1
) (Figure 4.7, Section 4.4.4, Figure 4.12). 
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Figure 4.7: In situ block copolymerisation from a PMA macroinitiator with PEGA.  Initial 
conditions: [MA]:[EBiB]:[Cu(II) (supplement)]:[Me6-Tren]:[NaBr] = 
[50]:[1]:[0.02]:[0.12]:[0.04] in DMSO (50% v/v). 
 
4.3 Conclusions 
 
In summary, the photo-induced polymerisation of acrylates utilising Cu(II) 
gluconate as a precursor catalyst has been investigated. Upon optimised conditions, 
narrow MWDs and near-quantitative conversions were attained within 2 h, while the 
high-end-group fidelity was exemplified by MALDI-ToF-MS and in situ block 
copolymerisation. The need for product purification and removal of inorganic and 
organic catalysts as well as residual monomer must be taken on a case by case basis. 
Although some applications may preclude the use of copper or other metallic 
catalysts these catalysts should not be ruled out in favour of non-metallic catalysts 
just on the basis of being “metal-free”. 
 
 
1000 10000 100000
0.0
0.2
0.4
0.6
0.8
1.0
    Đ = 1.10 
    Conv.= 96 %
M
n
 = 4400 g.mol
-1
w
lo
g
M
MW (g.mol
-1
)
    Conv.= 98 %
M
n
 = 11000 g.mol
-1
PMA
50
-b-PPEGA
15
 
    Đ = 1.13 
Chapter 4 
 
Vasiliki Nikolaou  130 
 
4.4 Experimental 
 
4.4.1 Materials and Methods 
 
All materials were purchased from Sigma Aldrich or Fisher Scientific unless 
otherwise stated. The dietary supplement (purchased on the internet from “BioCare” 
with a stated 1.1 mg Cu per pill (110% RDA)), the analytical pure copper(II) 
gluconate and ethyl 2-bromoisobutyrate (EBiB) were used as received. Methyl 
acrylate was passed through a basic Al2O3 chromatographic column prior to use. 
Tris-(2-(dimethylamino)ethyl)amine (Me6-Tren) was synthesised according to 
previously reported literature.
35 
 
4.4.2 Instrumentation 
 
1
H NMR spectra were recorded on Bruker DPX-300 or DPX-400 spectrometers 
in CDCl3 unless otherwise stated. Chemical shifts are given in ppm downfield from 
the internal standard tetramethylsilane. Size exclusion chromatography (SEC) 
measurements were conducted using an Agilent 1260 SEC-MDS fitted with 
differential refractive index (DRI), light scattering (LS) and viscometry (VS) 
detectors equipped with 2 × PLgel 5 mm mixed-D columns (300 × 7.5 mm), 1 × 
PLgel 5 mm guard column (50 × 7.5 mm) and autosampler. Narrow linear 
poly(methyl methacrylate) standards in the range of 200 to 1.0 × 10
6
 g.mol
-1
 were 
used to calibrate the system. All samples were passed through 0.45 μm PTFE filter 
before analysis. The mobile phase was chloroform with 2% triethylamine eluent at a 
ﬂow rate of 1.0 mL/min. SEC data was analysed using Cirrus v3.3 software with 
calibration curves produced using Varian Polymer laboratories Easi-Vials linear 
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poly(methyl methacrylate) standards (200 - 4.7×10
5
 g.mol
-1
). MALDI-ToF mass 
spectrometry was conducted using a Bruker Daltonics Ultraflex II MALDI-ToF mass 
spectrometer, equipped with a nitrogen laser delivering 2 ns laser pulses at 337 nm 
with positive ion ToF detection performed using an accelerating voltage of 25 kV. 
Solutions in tetrahydrofuran (50 μL) of trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propylidene] malonitrile (DCTB) as a matrix (saturated solution), sodium iodide as 
cationisation agent (1.0 mg/mL) and sample (1.0 mg/mL) were mixed, and 0.7 μL of 
the mixture was applied to the target plate. Spectra were recorded in reflector mode 
calibrating PEG-Me 1100 kDa. UV/Vis spectra were recorded on Agilent 
Technologies Cary 60 UV-Vis spectrophotometer in the range of 200-1100 nm using 
a cuvette with 10 mm path length. A nail lamp was purchased online (λ ~ 365 nm) 
and used as the main UV source. 
 
4.4.3 General procedures 
 
(a) Typical conditions for the photo-induced polymerisation of MA utilising 
Cu(II)
 
gluconate as a precursor catalyst 
Appropriate amounts of EBiB (1 equiv.), MA (DP eq), Cu(II) gluconate 
(0.02 equiv.), Me6-Tren (0.12 equiv.) and DMSO (50% v/v) were placed in a 
polymerisation flask, which was equipped with a magnetic stir bar and fitted with a 
rubber septum. The reaction mixture was degassed via bubbling with nitrogen for 20 
min. The polymerisation was allowed to proceed for 2 h under irradiation at λ~365 
nm. Samples were taken periodically for conversion and molecular weight analyses. 
The polymerisation mixture was initially dissolved in THF and then passed through 
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a small basic Al2O3 chromatographic column to remove the copper salts. The 
resulting solution was precipitated in methanol. 
(b) Typical conditions for the in situ block copolymerisations 
Filtered MA (1 mL, 11.1 mmol, 50 eq), EBiB (32 μL, 0.22 mmol, 1 eq), Cu(II) 
gluconate (tablet) (1.0 mg, 4.4μmol, 0.02 eq), Me6-Tren (7 μL, 22.0 μmol, 0.12 eq) 
and DMSO (1 mL) were added to a septum sealed vial and degassed by purging with 
nitrogen for 15 mins. Polymerisation commenced upon addition of the degassed 
reaction mixture to the UV lamp. After 90 min a 1: 0.5 mixture of degassed PEGA 
(15 eq) used for block copolymerisation and DMSO was added to the reaction 
mixture via degassed syringe. Samples were taken periodically and conversions were 
measured using 
1
H NMR and SEC analysis. 
 
4.4.4 Additional characterisation 
 
 
Figure 4.8: SEC analysis of PMA utilising Cu(II) gluconate (supplement) as the precursor 
catalyst. Initial conditions: [MA]:[EBiB]:[Cu(II) gluconate]:[Me6-Tren] = 
[50]:[1]:[0.02]:[0.12] in DMSO 50% v/v, pre-mixing of the Cu(II) gluconate/Me6-Tren 
complex for 12 h (left) and 1 week (right). 
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Figure 4.9: MALDI-ToF-MS (up) and SEC (down) analyses of PMA obtained from the 
experiment [MA]:[EBiB]:[Cu(II) gluconate (pure)]:[Me6-Tren] = [50]:[1]:[0.02]:[0.12] in 
DMSO (50% v/v).  The pre-mixed Cu/L solution was left under UV irradiation for 2 h prior 
to polymerisation. 
 
 
Figure 4.10: SEC analysis of PMA utilising Cu(II) gluconate (pure) as the precursor 
catalyst. Initial conditions: [MA]:[EBiB]:[Cu(II) gluconate]:[Me6-Tren] = 
[50]:[1]:[0.02]:[0.12] in DMSO 50% v/v, pre-mixing of the Cu(II) gluconate/Me6-Tren 
complex for 2 h under UV irradiation at 15 
o
C (left) and 60 
o
C (right). 
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Figure 4.11: MALDI-ToF-MS (up) and SEC (down) of PMA prepared by photo-induced 
polymerisation utilising copper gluconate (pure). Initial conditions: [EBiB]:[Cu(II) 
gluconate]:[Me6-Tren]:[NaBr] = [1]:[0.02]:[0.12]:[0.04] in DMSO (50% v/v). 
 
 
 
Figure 4.12: 
1
H NMR for the block copolymerisation from a PMA macroinitiator. Initial 
conditions: [MA]:[EBiB]:[Cu(II) gluconate (supplement)]:[Me6-Tren]:[NaBr] = 
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[50]:[1]:[0.02]:[0.12]:[0.04], DMSO (50%, v/v). Chain extension achieved upon addition of 
an aliquot of PEGA (15 equiv.) in DMSO (33%, v/v). 
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Chapter 5 
 
Photo-induced living radical polymerisation of acrylates 
utilising a discrete copper(II)/formate complex 
 
 
A photo-polymerisation protocol, utilising a pre-formed and well-characterised 
Cu(II)/formate complex, [Cu(Me6-Tren)(O2CH)](ClO4), mediated by UV light is described. 
In the absence of additional reducing agents and/or photosensitisers, ppm concentrations 
of the oxidatively stable [Cu(Me6-Tren)(O2CH)](ClO4), furnish near-quantitative 
conversions(> 95%) within 2 h, yielding poly(acrylates) with low dispersities (~ 1.10). The 
exceptional end-group fidelity is confirmed by MALDI-ToF-MS and exemplified by in situ 
chain extension/block copolymerisations upon sequential monomer addition without any 
need for further purification. Additionally the facile and convenient storage potential of the 
complex provides for a new and versatile polymerisation protocol. 
Freshly distilled Me6-Tren
Degraded Me6-Tren
(~1 month)
Stable complex:
[Cu(Me6-Tren)(O2CH)] (ClO4)
 Degradation of ATRP/SET-LRP ligands under air
 Too many variables (catalyst (Cu(0) or Cu(I), 
CuBr2) induce error
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5.1 Introduction 
 
RDRP methods have significantly evolved the last decades allowing access 
to narrow MWDs, efficient regulation of the molecular weight and the monomer 
sequence and complex architectures.
1, 2
 Transition metal methods in particular, 
including atom transfer radical polymerisation (ATRP)
3, 4
 and single electron transfer 
living radical polymerisation (SET-LRP)
5-7
, have significantly contributed towards 
this direction exploiting the manipulation of the activation/deactivation equilibrium 
between active and dormant species.  
Both polymerisation techniques utilise either Cu(I) or Cu(0) to facilitate the 
activation of alkyl halide initiators in order to generate carbon-based radicals and 
allow the propagation (activation and propagation have been reported to proceed via 
either an inner sphere or an outer sphere mechanism). Importantly, in both methods, 
the control over the polymerisation is inferred by the accumulation of the higher 
oxidation species, Cu(II) which has been reported to occur through either the 
persistent radical effect (PRE)
8, 9
 or via the disproportionation mechanism.
10-12
 Cu(II) 
 
will thus act as deactivating species by adjusting the polymerisation equilibrium 
towards the dormant species and limiting the termination events. The role of the 
deactivator is of outmost importance for copper-mediated polymerisations and 
external amounts of Cu(II)
 
are often added when high end-group fidelity is required 
in both ATRP
13, 14
 and SET-LRP protocols.
15, 16
 Therefore, it is crucial to optimise 
the Cu(II) concentration in order to achieve narrow MWDs, high end-group fidelity 
as well as acceptable polymerisation rates. In some occasions,  sodium bromide 
(NaBr) is also added to invoke further control over the molecular weight 
distributions and thus further adding to the complexity of the system.
17, 18
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The role of the ligand to form the copper/complexes is also very important 
for copper-mediated radical polymerisation not only to facilitate the solubility of the 
transition metal salt but also to adjust the redox potential and halogenophilicity of 
the metal center.
19-21
 Unlike other parameters, such as deactivator concentration, no 
simple external rate-order can be determined and a minimal concentration is 
essential to achieve good control over the MWDs accompanied with an acceptable 
polymerisation rate.
22
 Moreover, even minor changes in the ligand concentration can 
lead to significant loss of end-group fidelity and termination events and thus careful 
optimisation of the reaction conditions is required.
23, 24
 
Thus, various components (e.g. type of activator, ligand and deactivator 
concentration etc.) have to be optimised for a successful copper-mediated radical 
polymerisation which is not only time consuming but also challenging.
25, 26
 
Furthermore, additional issues arise from the storage of these compounds. CuBr for 
example has to be stored under oxygen free conditions to avoid oxidation by air and 
in many occasions has to be purified prior to use as it contains a high level of Cu(II) 
contamination despite its commercially stated high purity (a typical bottle of Cu(I), 
even at >99% purity is green, although it should be colourless given its d
10 
state). 
Cu(0) also needs to be purified prior to use with either hydrazine
27
 or acid
28-30
 while 
in many occasions there is a general confusion of whether Cu(0) powder or Cu(0) 
wire should be preferred.
31
  N-Containing ligands such as Me6-Tren are also 
susceptible to oxidation and degradation
32
 and have to be stored under dry, dark and 
inert conditions, although degradation will still occur in many cases which will 
require further purification methods prior to use (e.g. redistilling the ligand). 
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In order to circumvent the complexity of the polymerisations, various 
“alternative ATRP” techniques have been employed, including ARGET33 and 
ICAR.
34
 However, the presence of reducing agents or free radical initiators is further 
adding on the complexity of the system while the concentration between Cu(II) and 
ligand also requires careful optimisation. Recently, considerable attention has been 
drawn towards controlling the activation-deactivation step via external regulation.
35
 
Photochemical stimuli in particular have been extensively used to mediate the 
controlled polymerisation of various monomers, although still requiring photo-
initiators, excess of ligands or exotic catalysts.
36-48
  
In this chapter, a pre-formed, discrete Cu(II)/formate complex was prepared 
and characterised prior to being utilised as a facile route to perform photo-induced 
polymerisations whilst maintaining excellent control over the MWDs (Ð ~ 1.10) at 
ambient temperature. Significantly, excellent temporal control is observed during 
intermittent light and dark reaction when MA is employed as the monomer.  
 
5.2 Results and Discussion 
 
The synthesis of the [Cu(Me6-Tren)(O2CH)](ClO4) was conducted 
according to a literature procedure
49
 (Figure 5.1) and was subsequently employed 
for the following photo-induced reactions. 
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 Figure 5.1: Solid state structure of [Cu(Me6-Tren)(O2CH)](ClO4) with atom labeling. 
 
 A deoxygenated mixture containing methyl acrylate (MA), dimethyl 
sulfoxide (DMSO), ethyl bromo isobutyrate (EBiB) and 1% of the complex (with 
respect to initiator) was exposed to UV irradiation (320-390 nm, 200W, Section 
5.4.4, Figure 5.9) for 2 h, yielding well-defined PMA (Mn = 3500 g.mol
-1
, Ð ~ 1.10) 
at 75% conversion  (Table 5.1, Section 5.4.4, Figure 5.10). Under carefully optimised 
conditions ([EBiB] : [[Cu(Me6-Tren)(O2CH)](ClO4)] = [1] : [0.08], acceleration of 
the polymerisation rate was achieved resulting in 97% conversion in 2 h while the 
MWDs remained narrow (Ð < 1.10) (Table 5.1, Figure 5.2a,b).  
[Cu(Me6- ren)(O2CH)]ClO4
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Figure 5.2: (a) SEC, (b) 
1
H NMR, (c) and (d) MALDI-ToF-MS analyses obtained from the 
photo-induced polymerisation of MA catalysed by the Cu(II)/formate complex. Initial 
conditions: [MA] : [EBiB] : [[Cu(Me6-Tren)(O2CH)](ClO4)] = [50] : [1] : [0.08] in DMSO 
50% v/v.   
 
Table 5.1: Photo-induced polymerisation of MA catalysed by the Cu(II)/formate complex. 
DP 
t 
(h) 
Conv. 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC 
(g.mol
-1
) 
Đ 
1% 
2% 
 50         4% 
6% 
8% 
Dark Conditions 
2 75 3700 3300 1.19 
2 87 3900 4100 1.10 
2 92 4100 2500 1.29 
2 94 4200 1900 1.33 
2 97 4400 5100 1.07 
24 0 - - - 
100 2 96 8500 8700 1.08 
200 2 95 16500 16400 1.05 
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Kinetic analysis revealed a linear increase of ln([M]0/[M]t) vs time as well as 
linear evolution of Mn with monomer conversion (Figure 5.3, Section 5.4.4, Figure 
5.11) The good correlation between the theoretical and the experimental values 
further confirms the controlled character of the polymerisation. Additionally, both 
MALDI-ToF-MS and 
1
H NMR analyses (Figure 5.2c,d), illustrated excellent end-
group fidelity with the former revealing a single distribution corresponding to 
polymer chains initiated by the expected EBiB fragment and terminated by a 
bromine atom. 
 
Figure 5.3: (a) Kinetic data and (b) molecular weight, dispersity data for the polymerisation 
of PMA under UV irradiation.  
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In order to demonstrate the potential and versatility of this system in maintaining 
control over higher molecular weights, a range of polymerisations were conducted, 
targeting higher degrees of polymerisation (DP= 50/100/200). Very high conversions 
(> 92%, 2 h) with good agreement between Mn,exp and Mn.th  were attained while the 
dispersities remained low (Ð ~ 1.10) in all cases (Table 5.1, Figure 5.4). 
 
 
Figure 5.4: SEC analysis of PMA with various DP, prepared by photo-induced 
polymerisation. 
 
High end-group fidelity was subsequently exemplified by in situ chain 
extension upon addition of a second aliquot of MA (1st block DP=50, 98% in 2 h, 
Mn= 4500 g.mol
-1
, Ð = 1.10) with the molecular weight distribution shifting to higher 
molecular weight with a reduction in dispersity (Ð ~ 1.03) (Figure 5.5a, Section 
5.4.4, Figure 5.12). When a second acrylic monomer, ethylene glycol methyl ether 
acrylate (EGA), was selected for the one pot block copolymerisation with PMA a 
well-defined PMA50-b-PEGA50 diblock copolymer was obtained as indicated by SEC 
 
1000 10000 100000
0.0
0.5
1.0
200100
 
 
w
 l
o
g
M
M (g/mol)
50
 
10 100 1000 10000 100000
0.0
0.5
1.0
 
 
w
 l
o
g
M
( / ol)
100 1000 10000
0.0
0.5
1.0
 
 
w
 l
o
g
M
MW (g.mol
-1
)
Chapter 5 
 
 
 
Vasiliki Nikolaou  145 
 
(Ð ~ 1.10) and 
1
H NMR (98% conversion). The reverse one pot block 
copolymerisation, utilising PEGA50 this time as the macroinitiator was also 
investigated. Pleasingly, the final block copolymer PEGA50-b-PMA50 was attained 
within 5 h presenting narrow MWDs (Ð ~ 1.17) at near-quantitative conversion 
(97%). Thus, in all cases well-defined block copolymers were obtained in very high 
yield without the need for a macroinitiator purification step (Figure 5.5b,c, Section 
5.4.4, Figure 5.12). 
 
 
Figure 5.5: In situ chain extension and block copolymerisations from a PMA (a),(b) or (c)a 
PEGA macroinitiator. Initial conditions: [EBiB] : [[Cu(Me6-Tren)(O2CH)](ClO4)] = [1] : 
[0.08] in DMSO 50% v/v.   
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conditions resulted in no conversion over a period of 48 h) (Table 5.1). In order to 
explore this possibility, our reaction mixture was exposed to UV irradiation for 20 
min, which resulted in approximately 48% conversion. Subsequently a “dark” 20 min 
period was followed (black box, Section 5.4.4, Figure 5.13) in which no 
polymerisation was detected as evidenced by 
1
H NMR. Exposing the reaction 
mixture for another 20 min turned the polymerisation back “on”, restoring the 
original rate of polymerisation. These “on”-“off” cycles were repeated several times 
for a total exposure time of 80 min with the final conversion (92%) and dispersity (Ð 
~ 1.10) being comparable with the standard polymerisation under uninterrupted UV 
irradiation (Section 5.4.4, Figure 5.14). To the best of our knowledge this is the first 
photo-induced copper mediated system that demonstrates complete temporal control 
as the removal of the light source stops the polymerisation immediately and no 
conversion is observed during the dark period. In previously reported systems
2, 40, 46, 
50-52
 the rate of polymerisation was significantly reduced but not completely 
prohibited. 
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Figure 5.6: Evidence of temporal control via consecutive light and dark exposure. Initial 
conditions: [MA] : [EBiB] : [[Cu(Me6-Tren)(O2CH)](ClO4)] = [50] : [1] : [0.08] in DMSO 
50% v/v.   
 
A further positive aspect of the [Cu(Me6-Tren)(O2CH)](ClO4) complex is that 
even after a 6 month period, the complex is stable and subsequent polymerisation 
proceeded in a very similar manner, preserving the fast reaction rates (low dispersity, 
high end-group fidelity and thus indicating that the activity of the complex was 
retained. Typically, N-containing ligands have to be kept in ampules under strictly 
deoxygenated conditions (under inert atmosphere) at low temperatures (e.g. fridge). 
Even traces amount of oxygen can eventually result in oxidative degradation of the 
amines
32
 which is visible due to a colour change (Figure 5.7). On the contrary, this 
complex remained stable for more than 6 months upon standing in a fumehood in a 
non-degassed vial and under natural (visible) light exposure (Figure 5.7). 
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Figure 5.7: (a) Freshly distilled Me6-Tren, (b) freshly distilled Me6-Tren (left) vs degraded 
Me6-Tren (right) after 1 month stored under nitrogen in the fridge, (c) [Cu(Me6-
Tren)(O2CH)](ClO4) stable after 6 months of exposure in light/air/ambient temperature, (d) 
reaction vial under UV irradiation in a homemade dark box, (e) and (f) SEC analysis of 
PMA utilising the complex before and after 6 months of its synthesis respectively. Initial 
conditions: [MA] : [EBiB] : [Cu(Me6-Tren)(O2CH)](ClO4) = [50] : [1] : [0.08] in DMSO 
50% v/v.   
 
In order to gain a mechanistic insight, UV-Vis spectroscopy measurements 
were performed, after exposing the complex to UV irradiation for 2 h, mimicking the 
polymerisation conditions. A decrease in the characteristic absorbance (λmax ~ 870 
nm) was observed suggesting a significant reduction of Cu(II) (Figure 5.8). In order 
to further investigate the role of formate as a reducing agent, a series of experiments 
were performed adding sodium formate (HCO2Na) to the standard catalyst/ligand 
combination (Table 5.2, Section 5.4.4 Figures 5.15). Previously, we have shown that 
[CuBr2]:[Me6-Tren] = [1]:[1] failed to catalyse the polymerisation under UV 
irradiation
40
. However, addition of 1 equiv. of HCO2Na resulted in a well-defined 
polymer (Đ ~ 1.12) in 2 h (80% conv.) while addition of 1 equiv. of NaBr resulted in 
no polymerisation, excluding a simple salt effect. In addition, a [1]:[1] mixture of 
copper formate ((HCO2)2Cu) and Me6-Tren also activates the catalyst (Đ ~ 1.19). 
These data suggest that formate
53
 or an excess of tertiary amines
40, 50, 54
 are both 
capable of reducing the photo-activated [Cu(II)(Me6-Tren)] and thus producing the 
active catalyst.  
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Figure 5.8: Monitoring effect of UV irradiation on [Cu(Me6-Tren)(O2CH)](ClO4) as a 
function of time by UV−vis spectroscopy.  
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Table 5.2: Series of control experiments to investigate the mechanism. 
Entry Conditions 
Conv. 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC 
(g.mol
-1
) 
Đ 
1 [CuBr2]:[L] - - - - 
2 [CuBr2]:2[L] 94 4200 4300 1.10 
3 [CuBr2]:[L]:[HCO2Na] 85 3800 3800 1.12 
4 [CuBr2]:[L]:[NaBr] - - - - 
5 [(O2CH)2Cu]:[L]:[-] 95 4300 5100 1.19 
 
 
5.3 Conclusions 
 
 In summary, a pre-formed discrete complex [Cu(Me6-Tren)(O2CH)](ClO4) 
has been utilised for the first time for the photo-polymerisation of acrylates 
presenting excellent degrees of control, as exemplified by the low dispersities (Ð ~ 
1.10), high end-group fidelity (~ 99%) and the near-quantitative conversions within 
2 h (> 95%). The efficiency of this complex in combination with the facile and 
convenient storage potential provides for a new, simple and versatile 
polymerisation protocol. 
 
5.4 Experimental 
 
5.4.1 Materials and Methods 
 
All materials were purchased from Sigma Aldrich or Fischer Scientific unless 
otherwise stated. CuBr2 and EBiB were used as received. All monomers were passed 
through a basic Al2O3 chromatographic column prior to use. Me6-Tren was 
synthesised according to previously reported literature.
55  
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5.4.2 Instrumentation 
 
1
H NMR spectra were recorded on Bruker DPX-300 or DPX-400 
spectrometers in CDCl3 unless otherwise stated. Chemical shifts are given in ppm 
downfield from the internal standard tetramethylsilane. Size exclusion 
chromatography (SEC) measurements were conducted using an Agilent 1260 SEC-
MDS fitted with differential refractive index (DRI), light scattering (LS) and 
viscometry (VS) detectors equipped with 2 × PLgel 5 mm mixed-D columns (300 × 
7.5 mm), 1 × PLgel 5 mm guard column (50 × 7.5 mm) and autosampler. Narrow 
linear poly(methyl methacrylate) standards in the range of 200 to 1.0 × 10
6
 g.mol
-1
 
were used to calibrate the system. All samples were passed through 0.45 μm PTFE 
filter before analysis. The mobile phase was chloroform with 2% triethylamine 
eluent at a ﬂow rate of 1.0 mL/min. SEC data was analysed using Cirrus v3.3 
software with calibration curves produced using Varian Polymer laboratories Easi-
Vials linear poly(methyl methacrylate) standards (200-4.7 × 10
5
 g.mol
-1
). MALDI-
ToF mass spectrometry was conducted using a Bruker Daltonics Ultraflex II 
MALDI-ToF mass spectrometer, equipped with a nitrogen laser delivering 2 ns laser 
pulses at 337 nm with positive ion ToF detection performed using an accelerating 
voltage of 25 kV. Solutions in tetrahydrofuran (50 μL) of trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propylidene] malonitrile (DCTB) as a matrix (saturated 
solution), sodium iodide as cationisation agent (1.0 mg/mL) and sample (1.0 mg/mL) 
were mixed, and 0.7 μL of the mixture was applied to the target plate. Spectra were 
recorded in reflector mode calibrating PEG-Me 1100 kDa. UV/Vis spectra were 
recorded on Agilent Technologies Cary 60 UV-Vis spectrophotometer in the range 
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of 200-1100 nm using a cuvette with 10 mm path length. The source of UV light was 
an OmniCure
®
 S2000 spot UV curing lamp system, 200W (λmax ~ 320-390nm). 
5.4.3 General procedure 
 
Appropriate amounts of EBiB (1 equiv.), MA (DP equiv.), [Cu(Me6-
Tren)(O2CH)](ClO4) (0.08 equiv.) and DMSO (50% v/v) were placed in a 
polymerisation flask, which was equipped with a magnetic stir bar and fitted with a 
rubber septum. The reaction mixture was degassed via bubbling with nitrogen for 20 
min. The polymerisation was allowed to proceed for 2 h under irradiation at λ ~ 320-
390 nm. Samples were taken periodically for conversion and molecular weight 
analyses. The polymerisation mixture was initially dissolved in THF and then passed 
through a small basic Al2O3 chromatographic column to remove the copper salts. 
The resulting solution was precipitated in methanol. 
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5.4.4 Additional characterisation  
 
 
Figure 5.9: Typical set up for photo-induced polymerisation. 
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Figure 5.10: SEC analysis of the photo-induced polymerisation of PMA utilising 1%, 2%, 
4% and 6% of the [Cu(Me6-Tren)(O2CH)](ClO4) in DMSO 50% v/v. 
 
 
Figure 5.11: SEC analysis for the kinetic experiment under UV irradiation. 
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Figure 5.12: 
1
H NMR of the in situ chain extension from a PMA50 macrointitiator (up) and 
(down) PEGA50-b-PMA50 prepared by sequential addition of MA to a PEGA50 
macroinitiator. Initial conditions: [MA] : [EBiB] : [[Cu(Me6-Tren)(O2CH)](ClO4)]  = [50] : 
[1] : [0.08] in DMSO 50:50 v/v monomer/solvent.  
 
 
Figure 5.13: Typical set up for polymerisation under dark conditions. 
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Figure 5.14: SEC analysis of temporal control via consecutive light and dark exposure. 
[MA] : [EBiB] : [[Cu(Me6-Tren)(O2CH)](ClO4)]  = [50] : [1] : [0.08]. 
 
 
Figure 5.15: SEC analysis of PMA obtained from UV experiment: [MA] : [EBiB] : [CuBr2] 
: [Me6-Tren] : [HCOONa]  = [50] : [1] : [0.02] : [0.02] : [0.02] (left) and [MA]: [EBiB]: 
[(O2CH)2Cu] : [Me6-Tren] = [50] : [1] : [0.02] : [0.02] (right) in DMSO 50% v/v. 
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Chapter 6 
 
Discrete copper(II)/formate complexes as catalytic 
precursors for photo-induced reversible deactivation 
polymerisation 
 
  
Traditional copper-mediated RDRP techniques have to employ various components (e.g. 
type of ligand, type and form of catalyst, additional deactivation species etc.) in order to 
achieve good control over the MWDs. In the previous chapter, a discrete copper(II) 
formate/Me6-Tren complex was utilised as a precursor catalyst for the polymerisation of 
acrylates. In the present chapter, we expand the scope of this novel complex by investigating 
the compatibility with various solvents and a series of both hydrophilic and hydrophobic 
acrylic monomers. In all cases, narrow MWDs were attained (typically < 1.19), even when 
the polymerisation was encouraged to reach quantitative or near-quantitative conversions 
(>95%). High molecular weight polymers were also targeted achieving poly(MA) with a 
final dispersity of 1.12 within 2 h (Mn ~ 120000 g.mol
-1
). As Me6-Tren is relatively expensive 
to purchase, an additional complex was also synthesised, where PMDETA was incorporated 
in the coordination sphere of the copper(II) complex. Narrow MWDs, high monomer 
conversion and good spatiotemporal control could be achieved with the new complex, 
demonstrating that it could be an efficient and cheaper alternative to obtain well-defined 
poly(acrylates) and poly(methacrylates). 
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6.1 Introduction 
 
In the previous chapter, a discrete copper(II) formate/Me6-Tren complex was 
utilised to catalyse the polymerisation of acrylates.
1
 Good spatiotemporal control and 
narrow MWDs were demonstrated when methyl acrylate (MA) was used as a model 
monomer. However, different monomer structures were not tested and only 
relatively low molecular weights were targeted (up to Mn ~ 16000 g.mol
-1
). In 
addition, DMSO was the only solvent employed, perhaps limiting the applicability of 
this complex. More importantly, the Me6-Tren which is incorporated in the 
coordination sphere of the complex is expensive to purchase, and as such it would be 
of great interest to replace it with a less expensive ligand, without compromising the 
features of the initial complex (e.g. narrow MWDs, near-quantitative conversions, 
good spatiotemporal control etc.).   
This present chapter describes an expansion of the scope of the [Cu(Me6-
Tren)(O2CH)](ClO4) complex. Different solvents have been investigated including 
acetonitrile (MeCN), N,N-dimethylformamide (DMF), methanol (MeOH), 2-
propanol (IPA), toluene, 2,2,2-trifluoroethanol (TFE), water and mixtures thereof. 
Note that pure water was found to exhibit poor control over the MWDs. This variety 
of solvents, allowed access to the polymerisation of a large diversity of acrylates 
including functional and hydrophilic acrylates (2-hydroxyethyl acrylate (HEA), 
hydroxypropyl acrylate (HPA), poly(ethylene glycol) methyl ether acrylate (PEGA) 
and solketal acrylate (SA)), hydrophobic acrylates (butyl acrylate (n-BA), tert-butyl 
acrylate (t-BA), lauryl acrylate (LA), octadecyl acrylate (ODA)) and 
thermoresponsive acrylates (e.g. di(ethylene glycol) diacrylate (DEGEEA)). Narrow 
MWDs even at quantitative or near-quantitative conversions were obtained in most 
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cases highlighting the versatility of the approach. Importantly, higher molecular 
weight polymers could also be attained (Mn ~ 120000 g.mol
-1
) within 2 h of reaction 
time. Finally, a second complex was synthesised, where PMDETA (1 ml ~ £0.28) 
was used to replaced Me6-Tren (1ml ~ £115) as the ligand to afford a less expensive 
alternative. The use of such simple and inexpensive catalysts, paves the way for 
using copper mediated processes in industrial level. 
 
6.2 Results and Discussion 
 
 
Scheme 6.1: Photo-induced polymerisation of MA, utilising [Cu(Me6-Tren)(O2CH)](ClO4) 
as the precursor catalyst. 
 
In order to assess the compatibility of the [Cu(Me6-Tren)(O2CH)](ClO4) 
complex with various solvents, methyl acrylate was used as the monomer (MA) 
utilising previously optimised conditions ([I]:[M]:[complex]=[1]:[50]:[0.08]) 
(Scheme 6.1).
1
 MeCN and DMF were tested giving rise to well-defined polymers 
with good agreement between theoretical and experimental values and narrow 
MWDs (Đ ~ 1.09 for both solvents) (Figure 6.1a,b). However, the polymerisation 
rates were slower than in the case of DMSO (~ 4 h to reach >95% conversion as 
opposed to 2 h for the DMSO system) (Table 6.1). 
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Figure 6.1: Molecular weight distribution of PMA synthesised via photo-induced 
polymerisation. Initial conditions [MA]:[EBiB]:[[Cu(Me6-Tren)(O2CH)](ClO4)] = 
[50]:[1]:[0.08], (a) MeCN, (b) DMF and (c) Toluene, 50% v/v. 
 
 Alcoholic solvents were also found to be compatible with this complex, with 
MeOH and IPA furnishing very high conversions within 6 h, without compromising 
the control over the MWDs (Đ ~ 1.09 and Đ ~1.20 for MeOH and IPA respectively) 
(Table 6.1, Figure 6.2a,b). TFE was also tested as fluorinated solvents have shown 
that can be utilised for the polymerisation of a large diversity of monomers with both 
hydrophobic and hydrophilic moieties (Đ ~ 1.08) (Table 6.1, Figure 6.2c).2-5  In 
order to facilitate the polymerisation of more hydrophobic monomers, toluene was 
also studied. Relatively fast polymerisation rates could be achieved with NMR 
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confirming >98% conversion within 4 h, albeit a much higher dispersity was attained 
(Đ ~ 1.42), suggesting poor control over the polymerisation and inefficient 
deactivation. This could be attributed to the limited solubility of [Cu(Me6-
Tren)(O2CH)](ClO4) in toluene at ambient temperature, which is consistent with 
previously reported data (Table 6.1, Figure 6.1c).
6
 However, addition of a small 
amount of MeOH ([MeOH]:[Toluene]=[1]:[4]) resulted in a significant reduction of 
the dispersity value, which resembled the dispersities obtained in MeOH (Đ ~ 1.09), 
perhaps due to enhanced solubility of the copper complex (Table 6.1, Figure 6.2d).  
 
 
Figure 6.2: Molecular weight distribution of PMA synthesised via photo-induced 
polymerisation utilising alcohols and mixtures thereof. Initial conditions 
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[MA]:[EBiB]:[[Cu(Me6-Tren)(O2CH)](ClO4)] = [50]:[1]:[0.08], (a) MeOH, (b) IPA, (c) TFE 
and (d) [Toluene]:[MeOH]= [4]:[1], 50% v/v. 
 
Table 6.1: Solvent compatibility study for the photo-induced polymerisation of MA utilising 
[Cu(Me6-Tren)(O2CH)](ClO4) as the precursor catalyst. 
Solvent Monomer 
t 
(h) 
Conv. 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC 
(g.mol
-1
) 
Đ 
DMSO
1
 
MA 
 
DP = 50 
2 97 4400 5100 1.07 
MeCN 4 96 4300 5600 1.09 
DMF 4       95 4300 4600 1.09 
MeOH 6 96 4300 4200 1.09 
IPA 6 92 4100 3200 1.20 
TFE 2 96 4300 5500 1.08 
Toluene 4 98 4400 3300 1.42 
Tol : MeOH 6 97 4400 4300 1.09 
 
Finally, water was also employed as the solvent. As MA is not soluble in 
aqueous media, PEGA was selected as an alternative monomer. Under the selected 
conditions, the aqueous polymerisation of PEGA presented near-quantitative 
conversion in 2 h (~ 98% by NMR), although broad MWDs were attained (Đ ~ 1.47) 
suggested limited control over the polymerisation (Table 6.2, Figure 6.3a). In order 
to facilitate a direct comparison, the polymerisation of PEGA in DMSO was also 
conducted. Although the polymerisation rates were comparable, achieving also near-
quantitative conversion within 2 h, the dispersity was significantly improved (Đ ~ 
1.13) suggesting that the solvent (water) was responsible for the loss of control 
(Table 6.2, Figure 6.3b, Section 6.4.4, Figure 6.8). We postulate that this is due to 
the inefficient reduction of Cu(II)
 
in aqueous media under the studied conditions. 
However, for applications where water is desirable, mixtures with any of the 
aforementioned solvents could be alternatively employed. 
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Figure 6.3: Molecular weight distribution of PPEGA synthesised via photo-induced 
polymerisation in (a) pure water and (b) DMSO, 50% v/v. Initial conditions 
[PEGA]:[EBiB]:[[Cu(Me6-Tren)(O2CH)](ClO4)] = [20]:[1]:[0.08]. 
 
In an attempt to further expand the scope of this photo-mediated system and 
include additional monomer structures, n-BA was polymerised in DMSO as the 
solvent under the following reaction conditions: [I]:[n-
BA]:[complex]=[1]:[50]:[0.08]). Very high conversion (>98%) could be achieved in 
4 h with SEC revealing a symmetrical, monomodal molecular weight distribution 
with low dispersity (Đ ~ 1.18) (Table 6.2, Section 6.4.4, Figure 6.9). This slightly 
higher dispersity (in comparison with MA) was attributed to the heterogeneity of the 
system as n-BA phase separates under the selected conditions (solvent/monomer).
7-9
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would maintain full solubility of the monomer and polymer throughout the 
polymerisation. Interestingly, the polymerisation under homogeneous conditions 
proceeded in a more controlled manner and an observed reduction in the dispersity 
was evident (Đ ~ 1.07) (Table 6.2, Section 6.4.4, Figure 6.10). Under identical 
H2O
10000 100000
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
PPEGA
20
w
lo
g
M
MW (g.mol
-1
)
DMSO
10000
0.0
0.5
1.0
1.5
2.0
2.5
3.0
PPEGA
20
w
lo
g
M
MW (g.mol
-1
)
(a) (b)
Chapter 6 
 
 
 
Vasiliki Nikolaou  167 
 
conditions, the polymerisation of t-BA was also attempted in DMSO. However, a 
gel-like polymer was reproducibly observed within 2 h with broad MWDs attained 
by SEC (Đ > 6) (Table 6.2, Section 6.4.4, Figure 6.11). Conversely, when DMF was 
chosen as the solvent the control over the MWD was restored and low dispersity was 
attained (Đ ~ 1.09) suggesting that maintaining the solubility of all components is 
crucial to mediate this polymerisation (Table 6.2, Section 6.4.4, Figure 6.12).  
Hydrophilic monomers were also polymerised in DMSO, including HEA and 
HPA with good agreement between theoretical and experimental values and 
relatively narrow MWDs (Table 6.2, Section 6.4.4, Figures 6.13 & 6.14). Monomers 
synthesised in our laboratory were also subjected to these polymerisation conditions, 
such as SA, demonstrating fast polymerisation rates (95% in 2 h) and low dispersity 
(Đ ~ 1.09) (Table 6.2, Figure 6.15). Pleasingly, DEGEEA also afforded a controlled 
polymerisation yielding well-defined materials with narrow MWDs (Đ ~ 1.15) 
(Table 6.2, Figure 6.16). The controlled photo-induced polymerisation of 
increasingly hydrophobic acrylates was also demonstrated. As LA is insoluble in 
DMSO and other polar solvents, a mixture of toluene/methanol was selected to 
facilitate solubility of the monomer, polymer and catalyst. Under these conditions, 
well-controlled polymers could be obtained, albeit slower polymerisation rates were 
observed (~ 12 h). Nevertheless, low dispersities were attained even when the 
reaction was pushed to reach quantitative or near-quantitative levels (Đ ~ 1.10) 
(Table 6.2, Section 6.4.4, Figure 6.17). Similarly, ODA was also polymerised by 
changing the solvent from toluene/methanol to toluene/IPA in order to facilitate the 
solubility of this longer alkyl chain acrylate. Again 
1
H NMR confirmed high 
conversions (~ 90%) and SEC revealed symmetrical traces without any obvious low 
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or high molecular weight shoulders (Table 6.2, Section 6.4.4, Figure 6.18). Although 
different families of monomers were also tested, including MMA and styrene, broad 
MWDs and poor conversion was attained respectively (Table 6.2, Section 6.4.4, 
Figure 6.19), while the inclusion of additional NaBr gave rise to 0% conversion, 
even when the reaction was left to proceed overnight. 
 
Table 6.2: Monomer compatibility study for the photo-induced polymerisation of MA 
utilising [Cu(Me6-Tren)(O2CH)](ClO4) as the precursor catalyst. 
Monomer Solvent DP 
t 
(h) 
Conv. 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC 
(g.mol
-1
) 
Đ 
n-BA 
DMSO 
50 
4 98 6500 9200 1.18 
DMF 4 95 6300 6600 1.07 
t-BA 
DMSO 2 93 6100 7400 6.40 
DMF 4 99 6600 8300 1.09 
PEGA 
DMSO 
20 
2 98 9600 10400 1.13 
H2O 2 98 9600 10000 1.47 
DEGEEA DMSO 6 99 3000 3000 1.15 
HEA DMSO 6 95 2400 2800 1.18 
HPA DMSO 6 99 2800 3000 1.32 
ODA Tol:IPA 
50 
  12 90 14800 9900 1.13 
LA Tol:MeOH   12 98 11900 9100 1.10 
SA DMSO    2 95 9000 8000 1.09 
MMA DMSO   10 27 1400 3400 2.10 
    MMA
a
 DMSO 20 0 - - - 
Sty Tol:MeOH 6 10 540 - - 
a
1equiv. of NaBr in respect to the complex.  
 
Higher molecular weight polymers were also targeted, as an attempt to 
further explore the potential of this novel compound. For this reason, a range of 
polymerisations were conducted targeting various degrees of polymerisation (DP = 
400 - 3200). For DP = 400 ([I]:[MA]:[complex]=[1]:[400]:[0.08]), high conversion 
(~ 95% by 
1
H NMR) and narrow MWDs (Đ ~ 1.10) were attained in 2 h with good 
correlation between the theoretical and experimental molecular weights (Table 6.3, 
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Figure 6.4). Similar results were obtained when DP = 800 was subsequently targeted 
(Đ ~ 1.10, 95% conversion in 2 h) and a final Mn of 67000 g.mol
-1
 was evident as 
shown by SEC (Table 6.3, Figure 6.4). However, when identical conditions were 
applied for the synthesis of even higher MW polymers (DP = 1600) the 
polymerisation rate was decreased reaching a final conversion of 86% after 14 h 
(Table 6.3, Section 6.4.4, Figure 6.20). In order to circumvent this, the complex 
concentration was increased to 0.16 equiv. with respect to initiator 
([I]:[MA]:[complex]=[1]:[1600]:[0.16]), which lead to a remarkable increase on the 
rate yielding well-controlled polymers with Mn ~ 120000 g.mol
-1
 and Đ ~ 1.12 
(Table 6.3, Figure 6.4). Interestingly the same conditions led to uncontrolled 
polymers when a DP= 3200 was targeted (bimodal SEC peak). A similar scenario 
was evident (bimodal SEC peaks were observed) even when higher concentrations of 
copper complexes were utilised (0.32 equiv. with respect to initiator) suggesting that 
the limitations of the system had been reached. Although when a small amount of 
NaBr was externally added at the beginning of the polymerisation (1 equiv. with 
respect to the complex) higher molecular weight polymers could be attained, a low 
molecular weight shoulder was still visible by SEC, showing unavoidable premature 
termination under the conditions employed (Mn ~ 160000 g.mol
-1
, 85% conversion) 
(Table 3, Section 6.4.4, Figures 6.20).  
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Figure 6.4: High molecular weight poly(MA) synthesised via photo-induced polymerisation 
utilising [Cu(Me6-Tren)(O2CH)](ClO4) as the precursor catalyst.  
 
Table 6.3: Synthesis of high molecular weight poly(MA) via photo-induced polymerisation 
utilising [Cu(Me6-Tren)(O2CH)](ClO4) or [Cu(Me5-Dien)(O2CH)](ClO4) as the precursor 
catalyst. 
Complex DP 
t 
(h) 
Conv. 
(%) 
Mn,SEC 
(g.mol
-1
) 
Đ 
M
et
h
y
l 
A
cr
y
la
te
 
 
400 2 95 28800 1.10 
800 2 95 67000 1.10 
1600 6 90 94000 1.10 
1600
a
 2 95 120000 1.12 
3200
a
 12 94 110000 1.35 
3200
b
 4 95 110000 1.18 
3200
c
 6 85 160000 1.13 
 200 10 99 20000 1.13 
800 10 88 50000 1.38 
800
a
 10 95 60000 1.20 
1600
a
 10 70 69000 1.60 
a
0.16 equiv. and 
b
0.32 equiv. of the complex, 
c
1 equiv. NaBr was added in the solution. 
 
10000 100000 1000000
0.0
0.5
1.0
DP=400 DP=1600DP=800
w
lo
g
M
MW (g.mol
-1
)
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As Me6-Tren is a relatively expensive ligand (~ £115/ml), an additional 
strategy was also employed to provide a cost effective alternative, where PMDETA 
replaced Me6-Tren as the ligand in the complex. The [Cu(Me5-Dien)(O2CH)](ClO4) 
complex was synthesised according to a literature procedure
10
 and subsequently used 
for the polymerisation of MA. Although slower polymerisation rates were obtained 
(95% in 5 h), the control over the MWD was not compromised with SEC showing 
low dispersities (Đ ~ 1.18) (Table 6.4, Figure 6.5a). In order to probe the versatility 
of the complex, EGA was also polymerised in DMF, yielding high conversions and 
low dispersities and thus demonstrating the potential of this complex to be used as a 
less expensive and efficient alternative (Table 6.4, Figure 6.5b). 
 
 
Figure 6.5: Molecular weight distribution of: (a) PMA synthesised via photo-induced 
polymerisation. Initial conditions [MA]:[EBiB]:[[Cu(Me5-Dien)(O2CH)](ClO4)] = 
[50]:[1]:[0.08], DMSO 50% v/v and (b) PEGA synthesised via photo-induced 
polymerisation. Initial conditions [EGA]:[EBiB]:[[Cu(Me5-Dien)(O2CH)](ClO4)] = 
[50]:[1]:[0.08], DMF 50% v/v. 
 
 Higher molecular weight polymers (DP = 800) could also be attained, 
although Đ < 1.20 could be achieved only with the use of additional NaBr (Table 
1000 10000
0.5
1.0
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2.0
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lo
g
M
MW (g.mol
-1
)
1000 10000 100000
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PEGA
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DMSO DMF(a) (b)
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6.3, Figure 6.6a,b, Section 6.4.4, Figure 6.21).  The polymerisation of MMA was 
also attempted, showing higher conversion and better control over the molecular 
weight distribution in comparison with the Me6-Tren complex, although the 
dispersities were still high for a controlled polymerisation (Đ ~ 1.50) (Table 6.4, 
Section 6.4.4, Figure 6.22). This issue was circumvented by adding 1 equiv. of NaBr 
with respect to the complex, giving rise to well-defined poly(MMA) with Đ  ~ 1.25 
(Table 6.4, Section 6.4.4, Figure 6.22). 
 
 
Figure 6.6: Molecular weight distribution of PMA synthesised via photo-induced 
polymerisation. Initial conditions: (a) [MA]:[EBiB]:[[Cu(Me5-Dien)(O2CH)](ClO4)] = 
[200]:[1]:[0.08] and (b) [MA]:[EBiB]:[[Cu(Me5-Dien)(O2CH)](ClO4)] = [800]:[1]:[0.16], 
DMSO 50% v/v. 
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Table 6.4: Synthesis of various poly((meth)acrylates) via photo-induced polymerisation 
utilising [Cu(Me5-Dien)(O2CH)](ClO4) as the precursor catalyst. 
 
Monomer DP Solvent 
t 
(h) 
Conv. 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC 
(g.mol
-1
) 
Đ 
MA 
50 
DMSO 
5 95 4300 5000 1.18 
MMA 6 80 4100 7600 1.50 
MMA
a
 6 73 3800 6300 1.25 
EGA DMF 5 95 6500 6400 1.10 
    a1 equiv. of NaBr in respect to the complex was added. 
 
In order to further explore the potential of this complex, the possibility of 
“on/off” temporal control was also investigated throughout the polymerisation. 
Intermittent “light/dark” cycles for alternating periods were conducted, where the 
polymerisation mixture was initially exposed under UV irradiation for 45 min, 
achieving 36% of conversion. A “dark” period of a further 45 min was followed in 
which no polymerisation was observed by either 
1
H NMR or SEC. Upon re-exposure 
of the mixture to UV irradiation switched the polymerisation back “on” and 
approximately 58% conversion was attained in an additional 1 h (Figure 6.7, Section 
6.4.4, Figure 6.23). These cycles were repeated several times (with no or minimal 
polymerization (1-2%) observed during the dark periods),  demonstrating not only 
the necessity of photo exposure at an appropriate wavelength for the polymerisation 
to commence but also the potential of utilising spatiotemporal control for future 
applications. 
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Figure 6.7: Evidence of temporal control via concecutive light and dark exposure. Initial 
conditions: [MA] : [I] : [[Cu(Me5-Dien)(O2CH)](ClO4)] = [50] : [1] : [0.08] in DMSO 50% 
v/v. 
 
6.3 Conclusions 
 
 In summary, the employment of two discrete copper complexes, namely 
[Cu(Me6-Tren)(O2CH)](ClO4) and [Cu(Me5-Dien)(O2CH)](ClO4) for the controlled 
polymerisation of acrylates and methacrylates is presented. For the case of [Cu(Me6-
Tren)(O2CH)](ClO4), different solvents were investigated such as MeCN, DMF, 
MeOH, IPA, toluene, TFE, water and mixtures thereof. Functional and hydrophilic 
acrylates (e.g. HEA, HPA, PEGA and SA), hydrophobic acrylates (e.g. n-BA, t-BA, 
LA and ODA) and thermoresponsive acrylates (e.g. DEGEEA) were successfully 
polymerised yielding narrow MWDs even at very high conversions and high 
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molecular weight polymers in a matter of 2 h (Mn ~ 120000 g.mol
-1
, Đ ~ 1.12). 
[Cu(Me5-Dien)(O2CH)](ClO4) was also synthesised and employed for the controlled 
polymerisation of acrylates as an inexpensive alternative yielding well-defined 
polymers with narrow MWDs. Importantly, the incorporation of PMDETA in the 
coordination sphere of the complex afforded the polymerisation of methacrylates in 
addition to the polymerisation of acrylates allowing access to a wider range of 
materials. Spatiotemporal control was also demonstrated highlighting the potential of 
simple and cost effective complexes to be used for copper mediated processes in 
numerous applications, including synthesis of these materials in an industrial level. 
 
6.4 Experimental 
 
6.4.1 Materials and Methods 
 
 All materials were purchased from Sigma Aldrich or Fischer Scientific and 
used as received unless otherwise stated. All monomers were passed through a basic 
Al2O3 chromatographic column prior to use. Cu(Me6-Tren)(O2CH)](ClO4) and 
Cu(Me5-Dien)(O2CH)](ClO4) were synthesised according to previously reported 
literature.
 10 
 
6.4.2 Instrumentation 
 
 1
H NMR spectra were recorded on Bruker DPX-300 or DPX-400 
spectrometers in CDCl3 unless otherwise stated. Chemical shifts are given in ppm 
downfield from the internal standard tetramethylsilane. Size exclusion 
chromatography (SEC) measurements were conducted using an Agilent 1260 SEC-
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MDS fitted with differential refractive index (DRI), light scattering (LS) and 
viscometry (VS) detectors equipped with 2 × PLgel 5 mm mixed-D columns (300 × 
7.5 mm), 1 × PLgel 5 mm guard column (50 × 7.5 mm) and autosampler. Narrow 
linear poly(methyl methacrylate) standards in the range of 200 to 1.0 × 10
6
 g.mol
-1
 
were used to calibrate the system. All samples were passed through 0.45 μm PTFE 
filter before analysis. The mobile phase was chloroform with 2% triethylamine 
eluent at a ﬂow rate of 1.0 mL/min. SEC data was analysed using Cirrus v3.3 
software with calibration curves produced using Varian Polymer laboratories Easi-
Vials linear poly(methyl methacrylate) standards (200 - 4.7×10
5
 g.mol
-1
). The source 
of UV light was an OmniCure
®
 S2000 spot UV curing lamp system, 200W (λmax ~ 
320-390 nm). 
 
6.4.3 General procedures 
 
Appropriate amounts of EBiB (1 equiv.), monomer (DP equiv.), [Cu(Me6-
Tren)(O2CH)](ClO4) or  [Cu(Me5-Dien)(O2CH)](ClO4)  (0.08 equiv.) and solvent 
(50% v/v in respect to the monomer) were placed in a polymerisation flask, which 
was equipped with a magnetic stir bar and fitted with a rubber septum. The reaction 
mixture was degassed via bubbling with nitrogen for 20 min. The polymerisation 
was allowed to proceed for 2 h under irradiation at λ ~ 320-390 nm. Samples were 
taken periodically for conversion and molecular weight analyses. The polymerisation 
mixture was initially dissolved in THF and then passed through a small basic Al2O3 
chromatographic column to remove the copper salts.  
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6.4.4 Additional Characterisation 
 
 
Figure 6.8: 
1
H NMR of PPEGA synthesised via photo-induced polymerisation. Initial 
conditions [PEGA]:[EBiB]:[[Cu(Me6-Tren)(O2CH)](ClO4)] = [20]:[1]:[0.08], DMSO 50% 
v/v. 
 
 
Figure 6.9: 
1
H NMR (left) and MWD (right) of PBA synthesised via photo-induced 
polymerisation. Initial conditions [n-BA]:[EBiB]:[[Cu(Me6-Tren)(O2CH)](ClO4)] = 
[50]:[1]:[0.08], DMSO 50% v/v. 
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Figure 6.10: 
1
H NMR (left) and MWD (right) of PBA synthesised via photo-induced 
polymerisation. Initial conditions [n-BA]:[EBiB]:[[Cu(Me6-Tren)(O2CH)](ClO4)] = 
[50]:[1]:[0.08], DMF 50% v/v. 
 
 
Figure 6.11: 
1
H NMR (left) and MWD (right) of poly(t-BA) synthesised via photo-induced 
polymerisation. Initial conditions [t-BA]:[EBiB]:[[Cu(Me6-Tren)(O2CH)](ClO4)] = 
[20]:[1]:[0.08], DMSO 50% v/v. 
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Figure 6.12: 
1
H NMR (left) and MWD (right) of poly(t-BA) synthesised via photo-induced 
polymerisation. Initial conditions [t-BA]:[EBiB]:[[Cu(Me6-Tren)(O2CH)](ClO4)] = 
[50]:[1]:[0.08], DMF 50% v/v. 
 
 
Figure 6.13: 
1
H NMR (left) and MWD (right) of PHEA synthesised via photo-induced 
polymerisation. Initial conditions [HEA]:[EBiB]:[[Cu(Me6-Tren)(O2CH)](ClO4)] = 
[50]:[1]:[0.08], DMSO 50% v/v. 
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Figure 6.14: 
1
H NMR (left) and MWD (right) of PHPA synthesised via photo-induced 
polymerisation. Initial conditions [HPA]:[EBiB]:[[Cu(Me6-Tren)(O2CH)](ClO4)] = 
[20]:[1]:[0.08], DMSO 50% v/v. 
 
 
Figure 6.15: 
1
H NMR (left) and MWD (right) of PSA synthesised via photo-induced 
polymerisation. Initial conditions [SA]:[EBiB]:[[Cu(Me6-Tren)(O2CH)](ClO4)] = 
[50]:[1]:[0.08], DMSO 50% v/v. 
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Figure 6.16: 
1
H NMR (left) and MWD (right) of PDEGEEA synthesised via photo-induced 
polymerisation. Initial conditions [DEGEEA]:[EBiB]:[[Cu(Me6-Tren)(O2CH)](ClO4)] = 
[50]:[1]:[0.08], DMSO 50% v/v. 
 
 
Figure 6.17: 
1
H NMR (left) and MWD (right) of PLA synthesised via photo-induced 
polymerisation. Initial conditions [LA]:[EBiB]:[[Cu(Me6-Tren)(O2CH)](ClO4)] = 
[50]:[1]:[0.08], [Toluene]:[MeOH] = [4]:[1] 50% v/v. 
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Figure 6.18: 
1
H NMR (left) and MWD (right) of PODA synthesised via photo-induced 
polymerisation. Initial conditions [ODA]:[EBiB]:[[Cu(Me6-Tren)(O2CH)](ClO4)] = 
[50]:[1]:[0.08], [Toluene]:[IPA] = [4]:[1] 50% v/v. 
 
 
Figure 6.19: 
1
H NMR (left) and MWD (right) of PMMA synthesised via photo-induced 
polymerisation. Initial conditions [MMA]:[EBiB]:[[Cu(Me6-Tren)(O2CH)](ClO4)] = 
[50]:[1]:[0.08], DMSO 50% v/v. 
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Figure 6.20: MWDs of PMA synthesised via photo-induced polymerisation. Initial 
conditions: [MA]:[EBiB]:[[Cu(Me6-Tren)(O2CH)](ClO4)] = [1600]:[1]:[0.08] (up-left), 
[MA]:[EBiB]:[[Cu(Me6-Tren)(O2CH)](ClO4)] = [3200]:[1]:[0.16] (up-right), 
[MA]:[EBiB]:[[Cu(Me6-Tren)(O2CH)](ClO4)] = [3200]:[1]:[0.32] (down-left), 
[MA]:[EBiB]:[[Cu(Me6-Tren)(O2CH)](ClO4)]:[NaBr] = [3200]:[1]:[0.32]:[0.32] (down-
right) in DMSO 50% v/v. 
 
Figure 6.21: MWDs of PMA synthesised via photo-induced polymerisation. Initial 
conditions [MA]:[EBiB]:[[Cu(Me5-Dien)(O2CH)](ClO4)] = [800]:[1]:[0.08] (left), 
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[MA]:[EBiB]:[[Cu(Me5-Dien)(O2CH)](ClO4)] = [1600]:[1]:[0.16] (right), in DMSO 50% 
v/v. 
 
 
Figure 6.22: MWDs of PMMA synthesised via photo-induced polymerisation. Initial 
conditions: [MMA]:[EBiB]:[[Cu(Me5-Dien)(O2CH)](ClO4)] = [50]:[1]:[0.08] (left), 
[MMA]:[EBiB]:[[Cu(Me5-Dien)(O2CH)](ClO4)]:[NaBr] = [50]:[1]:[0.08]:[0.08] (right), in 
DMSO 50% v/v. 
 
 
Figure 6.23: MWDs for the concecutive light and dark exposures. Initial conditions: 
[MA]:[I]:[[Cu(Me5-Dien)(O2CH)](ClO4)] = [50]:[1]:[0.08] in DMSO 50% v/v. 
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Chapter 7 
 
Synthesis of well-defined polyelectrolytes and functional 
double hydrophilic block copolymers via Cu(0)-mediated 
RDRP in aqueous media 
 
 
 In this chapter, the Cu(0)-mediated RDRP of N-hydroxyethyl acrylamide (HEAm) and 2-
acrylamido-2-methylpropane sulfonic acid (AMPS) in aqueous media is reported under a 
range of reaction conditions. Near-quantitative conversion could be attained in as low as 3 
min and a range of chain lengths (DP = 10-640) has been targeted, exhibiting low 
dispersity values and good agreement between theoretical and experimental values. 
Remarkably, equally well-defined materials were obtained when DP=1280 was targeted, 
yielding polymers with high conversions (97%, Mn ~ 180000 g.mol
-1
) and narrow MWDs 
(Đ=1.25). The aqueous Cu(0)-mediated RDRP of AMPS was subsequently conducted, 
resulting in well-defined polymers (Đ ~ 1.16-1.29) in short time scales while first order 
kinetics confirmed the living nature of the system. Double hydrophilic, thermoresponsive 
acrylamide and acrylic block copolymers could also be obtained in a quantitative manner 
within a few minutes, highlighting aqueous Cu(0) mediated RDRP as a robust protocol to 
obtain functional materials, without the need to purify the macroinitiators or compromise 
the final dispersity.  
HEAm
AMPS
Aqueous Cu(0)-mediated RDRP
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7.1 Introduction 
 
In the previous chapter it was noted that the photo-induced polymerisation is 
problematic under purely aqueous conditions which is in line with previously 
reported data.
1
 In addition acrylamides cannot be polymerised with this 
polymerisation protocol giving rise to 0% conversion. Therefore an alternative 
technique needs to be employed for the controlled polymerisation of acrylamides. 
Acrylamides are very interesting monomers and they find use in a variety of 
biomedical and industrial applications including tissue engineering, drug delivery, 
viscosity modifiers, precipitation and flocculation agents for waste water treatment, 
oil recovery and cosmetics.
2-4 
In addition, both ionic and non-ionic water soluble 
polyacrylamides have attracted considerable interest the last decades due to their 
extensive applications in hydrogels, adhesives and emulsion coatings.
5-7
  
AMPS is a reactive, hydrophilic, sulfonic acid acrylic monomer typically 
used to modify the chemical properties of a wide range of anionic polymers. 
Importantly, the presence of the sulfonate group not only enhances the hydrophilicity 
and acidic character but also dissociates completely over different pH values, 
indicating that AMPS is a strong electrolyte.
8, 9
 Due to its hydrolytic and thermal 
stability in combination with its high polarity, water solubility and inhibition of 
divalent cation precipitation, an increasing attention has recently been received 
around the controlled polymerisation of AMPS.
10-13
 RAFT has dominated the work 
in controlled aqueous polymerisation of AMPS with Sumerlin and co-workers 
reporting narrow MWDs (~1.20) in a range of targeted molecular weights.
14
 In this 
work, the conversion was relatively moderate (65 - 88%) while the polymerisations 
required 4-6 h in order to reach their maximum values. ATRP has also been 
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employed to control the polymerisation of AMPS, low dispersities were achieved 
only in aqueous/organic mixtures as ATRP of acrylamides in purely aqueous media 
remains problematic.
15
  
N-Hydroxyethyl acrylamide (HEAm) is an interesting hydrophilic acrylamide 
monomer which contains a primary hydroxyl group that has been used extensively in 
industrial and biological applications, either directly or after modification post 
polymerisation.
16-19 
Novel materials exhibiting antifouling properties and 
thermoresponsive behaviour were obtained when block copolymers of HEAm with 
various monomers were synthesised.
20-23
 Hence, the controlled polymerisation of this 
monomer has also attracted considerable attention with Narumi et al. utilising ATRP 
in ethanol/water mixtures at ambient temperature. Although narrow MWDs were 
obtained, only relatively low molecular weight polymers were synthesised (highest 
Mn ~ 12000 g.mol
-1
), limiting the applications where higher molecular weight 
polymers are desirable.
24
 In addition, conversions remained moderate in all cases (26 
- 80%) and in situ chain extensions and block (co)polymerisations were not reported. 
In 2013 Haddleton and co-workers introduced a facile approach for 
conducting TMM-RDRP in water (often referred to as aqueous SET-LRP
25-27
 or 
Cu(0)-mediated RDRP).
28
 The key step in this approach is the full disproportionation 
of the CuBr/L in water prior to the addition of a deoxygenated solution of monomer 
and initiator; it is very important for this to occur prior to monomer addition. The 
ratio of [ligand] relative to [monomer] is important with effective polymerisation 
occurring with [L]:[CuBr] = 1. This differentiates the approach from other reported 
work where (1) disproportionation occurs in the presence of 18% monomer does not 
go to completion prior to the addition of initiator and subsequent initiator addition 
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allows for further oxidation of CuBr  and (2) a high excess of ligand is used, 
typically 6:1 with respect to CuBr and computer simulations using ratios as high as 
20:1.
29
 Excess ligand supresses disproportionation due to being part of the 
equilibrium, dilution of water with organic solvents/monomers dramatically reduces 
the equilibrium constant for disproportionation
30
 and the monomer can also act as an 
alternative ligand stabilising CuBr especially as it is present in a large excess relative 
to the N-donor ligand. The fast disproportionation of the CuBr/L complex forming 
Cu(0) and CuBr2/L deactivating species led to the controlled polymerisation of 
various hydrophilic monomers, including (meth)acrylates
31-36
, (meth)acrylamides
37-41
 
and glycomonomers reporting low dispersities and high end-group fidelity as evident 
by in situ chain extensions.
28, 42
 To further illustrate the versatility of the system and 
its tolerance towards impurities the polymerisation also proceeded in the presence of 
phosphonate buffer,
28
 blood serum
43
 and various alcoholic media
44
 resulting in 
equally well-defined materials.  
In this chapter the polymerisation of HEAm and AMPS in aqueous media is 
exploited utilising aqueous Cu(0)- mediated RDRP.
28
A wide range of molecular 
weights have been targeted for both monomers and the end-group fidelity was 
exemplified by in situ chain extensions and block copolymerisation, without further 
purification steps prior to the addition of the second aliquot in both cases. The 
homopolymerisation of HEAm proceeded in a controlled manner (Đ = 1.12) within 3 
minutes at 0
o
C as evidenced by kinetic experiments. High molecular weight 
poly(HEAm) up to 180000 g.mol
-1 
has been synthesised, maintaining narrow MWDs 
(Đ = 1.25). For the case of AMPS, full monomer conversions (>99%) were obtained 
in < 30 min at 0
o
C while maintaining low dispersities (Đ ~ 1.22) up to Mn ~ 30000 
g.mol
-1
. Block copolymerisation of AMPS with both acrylate (PEGA) and 
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acrylamide monomers (HEAm and NIPAm) has also been realised furnishing well-
defined materials as evidenced by nuclear magnetic resonance (NMR), size 
exclusion chromatography (SEC) and dynamic light scattering (DLS) analyses. 
 
7.2 Results and Discussion 
 
Initially, the homopolymerisation of HEAm was investigated utilising 
previously optimised conditions targeting a DP=10: [HEAm]:[I]:[CuBr]:[Me6-Tren] 
= [10]:[1]:[0.4]:[0.4].
28, 37
 CuBr was added directly to a deoxygenated aqueous 
solution of Me6-Tren in water and was allowed to disproportionate for 15 min prior 
to polymerisation to ensure the rapid and quantitative formation of Cu(0) and the 
[CuBr2/Me6-Tren] complex. A deoxygenated solution of monomer and initiator in 
water was prepared separately at the same time. Polymerisation commenced upon 
addition of the aforementioned mixture to the deoxygenated catalyst solution at 0
o
C. 
1
H NMR analysis of the resulting polymer confirmed full monomer conversion in 
less than 3 min and SEC analysis revealed a mono-modal peak distribution with 
narrow MWDs (Đ = 1.16) highlighting the controlled nature of the system (Figure 
7.1, Table 7.1).  
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Figure 7.1: 
1
H NMR spectrum of poly(HEAm)20 utilising aqueous Cu(0)-mediated RDRP. 
Initial conditions: [HEAm]:[I]:[CuBr]:[Me6-Tren] = [20]:[1]:[0.4]:[0.4] in 4 mL H2O at 0
o
C. 
 
The first order kinetic plot showed ln[M]0/[M]t increasing linearly with time 
showing a constant radical concentration and the rate of polymerisation to be first 
order in monomer concentration (Figure 7.2). Pleasingly, near-quantitative 
conversion (>99%) could be attained in < 3 min, demonstrating the speed of the 
polymerisation without compromising the control over the MWDs which remained 
as narrow as 1.15 (Section 7.4.4, Figure 7.10). It should be noted that the data points 
used for the kinetic plots are derived from 2 identical experiments at different time 
points. Initially, regular sampling was attempted in one batch, however, cessation of 
the polymerisation was observed after the first four samples had been taken. It was 
hypothesised that multiple samples could perhaps disturb the polymerisation 
equilibrium as due to the heterogeneous nature of the system leading to random 
amounts of Cu(0) being removed from the reaction upon each sampling. Indeed, 
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reducing the number of samples to 3 per reaction, gave rise to consistent results and 
the polymerisation reached full monomer conversion.    
 
 
Figure 7.2: Kinetic data for the aqueous Cu(0)-mediated RDRP of HEAm (blue and green 
data points represent samples from two identical batches). 
 
Subsequently, the same ratio ([CuBr]:[Me6-Tren] = [1]:[1]) was used to 
target higher degrees of polymerisation  poly(HEAm), (DP = 20 & 40), resulting in 
equally well-defined polymers (99%, Đ ~ 1.17 and 100%, Đ ~ 1.18 respectively) 
within minutes (Figure 7.3, Table 7.1). Conversely, when DP=80 was targeted, a 
higher dispersity was observed (Đ > 1.37) for the final product, suggesting 
inefficient deactivation throughout the polymerisation (Figure 7.4a, Table 7.1). 
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Previous literature studies have reported that the ideal catalyst loading relies upon 
the targeted DP and by carefully tuning the [CuBr]:[Me6-Tren] ratio, both an 
acceptable reaction time and control can be attained. Therefore, the ratio was initially 
modified to [I]:[CuBr]:[Me6-Tren] = [1]:[0.8]:[0.4], assuming that a higher 
concentration of CuBr would provide a higher amount of [Cu(Me6-Tren)Br2] during 
disproportionation, which would control the deactivation step more efficiently. 
Although, as expected, the dispersity value was significantly improved (Đ = 1.17 vs. 
Đ = 1.35), a decrease in the polymerisation rate was also observed with a maximum 
conversion of 90% achieved, even when the polymerisation was left to proceed 
overnight (Figure 7.4b, Table 7.1). However, full monomer conversion is a 
requirement for the in situ chain extensions and block copolymerisations. Therefore, 
a higher concentration of ligand was employed relative to CuBr ([I]:[CuBr]:[Me6-
Tren] = [1]:[0.8]:[0.6]) resulting in 99% conversion in 15 min, with Mn = 18600 
g.mol
-1
 while the low dispersity was maintained (Đ = 1.16) (Figure 7.3, Table 7.1). 
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Figure 7.3: SEC analysis of poly(HEAm) of various DP = (10-1280) prepared by Cu(0)-
mediated RDRP in pure water. 
 
Similar issues were confronted during the polymerisation of poly(HEAm)160. 
When the previously optimised conditions were employed, the polymerisation 
proceeded in a relatively uncontrolled manner (98%, Mn = 26000 g.mol
-1
, Đ = 1.30) 
(Figure 7.4c, Table 7.1). Further optimisation of the catalytic ratio ([I]:[CuBr]:[Me6-
Tren] = [1]:[1.6]:[1]) gave rise to poly(HEAm) with the desired high conversion 
(>99%) and narrow MWDs (~ 1.09) (Figure 7.3, Table 7.1). Identical conditions 
were subsequently applied for even higher degrees of polymerisation (DP = 320 & 
640). Pleasingly, near-quantitative conversions (~ 98%) and narrow MWDs (~ 1.15) 
were obtained in both cases within 15 min, demonstrating the robustness of the 
system to obtain well-defined high molecular weight polymers (Mn~ 90000 g.mol
-1
) 
in short time scales (Figure 7.3, Table 7.1).  
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Figure 7.4: SEC analysis for the synthesis of poly(HEAm)80 and poly(HEAm)160 utilising 
aqueous Cu(0)-mediated RDRP. Initial conditions: (a) [HEAm]:[I]:[CuBr]:[Me6-Tren] = 
[80]:[1]:[0.4]:[0.4] in 4 mL H2O at 0
o
C, (b) [HEAm]:[I]:[CuBr]:[Me6-Tren] = 
[80]:[1]:[0.8]:[0.4] in 4 mL H2O at 0
o
C and (c) [HEAm]:[I]:[CuBr]:[Me6-Tren] = 
[160]:[1]:[0.8]:[0.6] in 4 mL H2O at 0
o
C. 
 
In order to further probe the potential of the technique in maintaining control 
for even higher molecular weights, DP = 1280 was also attempted. Utilising the 
previously optimised conditions for DP = 320 and 640, a gel was evident within 2 
min, which could not be further analysed via either SEC or NMR due to insolubility. 
This gel formation indicates poor control over the MWDs and high dispersities, 
suggesting for once more inefficient deactivation. Hence, a higher catalyst ratio 
([I]:[CuBr]:[Me6-Tren] = [1]:[2]:[1.2]) was employed resulting in a well-controlled 
polymerisation, even at near-quantitative monomer conversion (~ 97%) with a final 
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Mn = 180000 g.mol
-1
 and a dispersity equal to 1.25 (Figure 7.3, Table 7.1). However, 
it should be noted that for such high molecular weight polymer, longer reaction times 
were required (12 h to reach 97% and 2 h to reach 70%) and SEC analysis revealed a 
tailing in high molecular weight, most likely due to termination events. Further 
attempts to diminish or reduce this shoulder proved unsuccessful and resulted in loss 
of control and/or gel formation revealing the limitation of this system (data not 
shown). 
 
Table 7.1: Synthesis of poly(HEAm) with various DP via aqueous Cu(0)-mediated RDRP. 
DP Ratio 
[I]:[Cu]:[L] 
Time 
(min) 
Conversion 
(%) 
M
n,SEC
 
(g.mol-1) 
Đ 
10 [1]:[0.4]:[0.4] 3 99 4600 1.16 
20 [1]:[0.4]:[0.4] 15 99 8700 1.17 
40 [1]:[0.4]:[0.4] 15 100 12000 1.18 
80 [1]:[0.4]:[0.4] 15 100 14700 1.37 
80 [1]:[0.8]:[0.4] 15 90 15200 1.17 
80 [1]:[0.8]:[0.6] 15 99 18600 1.16 
160 [1]:[0.8]:[0.6] 15 98 26000 1.30 
160 [1]:[1.6]:[1] 15 100 26000 1.09 
320 [1]:[1.6]:[1] 15 98 48000 1.15 
640 [1]:[1.6]:[1] 30 98 89000 1.14 
1280 [1]:[1.6]:[1] 2 - GEL - 
1280 [1]:[2]:[1.2] 12 h 97 180000 1.25 
 
Previous reports highlighted the difficulty to maintain the high end-group 
fidelity under purely aqueous conditions due to hydrolysis of the terminal bromide.
39
 
Thus, in order to assess the livingness of the resultant polymers in situ chain 
extension was attempted. When full monomer conversion was obtained for the 
poly(HEAm)10 homopolymer (after 3 min, 100% conversion, Mn = 4500 g.mol
-1
, 
Ð=1.08), a second aliquot of HEAm was added and full conversion was attained in 
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30 min (100% conversion, Mn = 7200 g.mol
-1
, Ð=1.09) without the need for any 
purification steps prior to the second monomer addition. SEC analysis revealed a 
shift to higher molecular weights and the absence of any visible tailing at high or low 
molecular weights, demonstrating high end-group functionality (Figure 7.5). This 
high end-group fidelity was further exemplified by the synthesis of double 
hydrophilic diblock copolymers. Among stimuli responsive polymers, thermo-
responsive are the most widely applied with poly(NIPAm) being the most common 
representative as it shows a sharp phase transition at approximately 32
o
C in aqueous 
solution. Hence, NIPAm was employed as the second monomer for the synthesis of 
block copolymers furnishing poly(HEAm)80-b-poly(NIPAm)40. 
1
H NMR confirmed 
that near-quantitative conversions (>99%) were attained within each block and SEC 
analysis revealed a clear MW shift maintaining a narrow MWD (Đ ~ 1.18) (Figure 
7.5). Cloud point measurements for the resultant block copolymer were also carried 
out, however no cloud point temperature (Tcp) could be observed. This is most likely 
due to the hydrophilic nature of HEAm that increases the Tcp of the diblock beyond 
90 
o
C and our detection limits.
36
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Figure 7.5: SEC and 
1
H NMR analysis for the in situ (a), (b) chain extension and (c), (b) 
block copolymerisation from a poly(HEAm)10 macroinitiator utilising aqueous Cu(0)-
mediated RDRP. Initial conditions for the in situ chain extension: [HEAm]:[I]:[CuBr]:[Me6-
Tren] = [10]:[1]:[0.4]:[0.4]. Chain extension achieved upon addition of an aliquot of HEAm 
(10 equiv.) in H2O (2 mL). Initial conditions for the in situ block copolymerisation 
[HEAm]:[I]:[CuBr]:[Me6-Tren] = [80]:[1]:[0.8]:[0.6]. Chain extension achieved upon 
addition of an aliquot of HEAm (80 equiv.) in H2O (2 mL). 
 
In a similar vein with HEAm, the polymerisation of AMPS was also 
performed by aqueous Cu(0)-mediated RDRP. The sodium form of AMPS (sodium 
salt solution 50 wt. % in H2O) was utilised to avoid problems of low pH protonation 
of the ligand and potential catalyst deactivation. The successful synthesis of 
poly(AMPS)20 was confirmed by both NMR and SEC analyses when previously 
optimised conditions were employed ([AMPS]:[I]:[CuBr]:[Me6-Tren] = 
[20]:[1]:[0.4]:[0.4]). 
1
H NMR confirmed full monomer conversion in 30 min as 
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indicated by the disappearance of the vinyl signals between 5.5 and 6.5 ppm and  
aqueous SEC characterisation showed a symmetrical, mono-modal MWD (Đ ~ 1.16) 
for the obtained polymer (Figure 7.6, Table 7.2). Kinetic analysis revealed a linear 
increase of ln([M]0/[M]t) vs time further supporting the living nature of the system 
(Figure 7.7).  It should be noted that longer reaction times were required for the 
polymerisation of AMPS in comparison with HEAm. Likewise, an equally well-
defined polymer (100%, Mn = 23500 g.mol
-1
, Đ = 1.20) was prepared when DP = 40 
was targeted under similar conditions to DP = 20 ([CuBr]:[Me6-Tren] = [1]:[1]) 
(Figure 7.8, Table 7.2).  
 
 
Figure 7.6: 
1
H NMR and SEC analysis of poly(AMPS)20 utilising aqueous Cu(0)-mediated 
RDRP. Initial conditions: [AMPS]:[I]:[CuBr]:[Me6-Tren] = [20]:[1]:[0.4]:[0.4] in 4 mL H2O 
at 0
o
C. 
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Figure 7.7: Kinetic data for the aqueous Cu(0)-mediated RDRP of AMPS. 
 
Previously reported literature indicates slow polymerisation rates and limited 
conversions when higher molecular weight poly(AMPS) were synthesised in purely 
aqueous solutions. Encouraged by our initial findings for HEAm, higher molecular 
weight poly(AMPS) was subsequently targeted as an attempt to explore the 
limitations of the system for this monomer. The synthesis of polymer with a targeted 
DP = 80 was initially assessed by employing a previously optimised catalyst ratio, 
[CuBr]:[Me6-Tren] = [2]:[1]. The polymerisation reached high conversion (>99%) in 
30 min, having a final dispersity of ~ 1.30 was obtained, demonstrating the 
controlled polymerisation of this monomer up to Mn ~ 30000 g.mol
-1
 (Figure 7.8, 
Table 7.2). However, the polymerisation with DP=160 proved problematic under 
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these conditions, furnishing polymers with broad MWDs (Đ > 2.00). Further 
attempts to rectify these issues proved fruitless even when the catalytic ratio was 
increased to [I]:[CuBr]:[Me6-Tren] = [1]:[1.6]:[1] resulting in materials with high 
dispersities (Mn = 42000 g.mol
-1
, Đ = 1.70) (Figures 7.8, Table 7.2). 
 
 
Figure 7.8: SEC analysis for the synthesis of poly(AMPS) utilising aqueous Cu(0)-mediated 
RDRP. Initial conditions: (a) [AMPS]:[I]:[CuBr]:[Me6-Tren] = [40]:[1]:[0.4]:[0.4], (b) 
[AMPS]:[I]:[CuBr]:[Me6-Tren] = [80]:[1]:[0.8]:[0.4], (c) [AMPS]:[I]:[CuBr]:[Me6-Tren] = 
[160]:[1]:[0.8]:[0.4] and (d) [AMPS]:[I]:[CuBr]:[Me6-Tren] = [160]:[1]:[1.6]:[1] in 4 mL 
H2O at 0
o
C.  
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Table 7.2: Synthesis of poly(AMPS) with various DP via aqueous Cu(0)-mediated RDRP. 
DP 
Ratio 
[I]:[Cu]:[L] 
Time 
(min) 
Conversion 
(%) 
M
n,SEC
 
(g.mol
-1
) 
Đ 
20 [1]:[0.4]:[0.4] 30 100 11500 1.16 
40 [1]:[0.4]:[0.4] 30 100 23500 1.20 
80 [1]:[0.8]:[0.4] 30 100 29700 1.30 
160 [1]:[0.8]:[0.4] 30 100 43000 2.00 
160 [1]:[1.6]:[1] 30 100 42000 1.70 
 
Sequential monomer additions to block copolymers were also carried out. 
The synthesis of poly(AMPS)20-b-poly(AMPS)20 was successful within 30 min after 
the addition of a second aliquot of AMPS without the need to purify the 
macroinitiator. SEC analysis revealed a clear shift in higher molecular weight 
retaining the initial low dispersity (>99%, Đ = 1.20) and highlighting the high end-
group fidelity of the polymer at this molecular weight (Table 7.3, Figure 7.9a, 
Section 7.4.4, Figure 7.11). Well-defined block copolymers of AMPS with both 
acrylamides (HEAm and NIPAm) and acrylate monomers (PPEGA) were also 
synthesised. 
1
H NMR revealed quantitative conversions (>99%) within an hour with 
the MWDs to remain narrow (Đ ~ 1.20) in all cases (Table 7.3, Figure 7.9b & c, 
Section 7.4.4, Figures 7.12 & 7.13). Finally, NIPAm was also utilised as the second 
monomer for the synthesis of poly(AMPS)20-b-poly(NIPAm)20. Under these reaction 
conditions, poly(AMPS) was obtained at full conversion within 30 min with a 
dispersity of 1.17 (Table 7.3, Section 7.4.4, Figure 7.14 & 7.15).  However, the SEC 
analysis of the final polymer was not possible due to insolubility of the diblock 
copolymer in either DMF or aqueous eluents (instrument performs above 30
o
C). 
DLS was employed for further characterisation of the diblock, showing one single 
particle distribution with low dispersities (Table 7.3, Section 7.4.4, Figure 7.16).   
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Figure 7.9: (a) In situ chain extension and (b), (c) block copolymerisations of AMPS with a 
variety of acrylic monomers via Cu(0)-mediated RDRP. Initial conditions: 
[M]:[I]:[CuBr]:[Me6-Tren] = [20]:[1]:[0.4]:[0.4]. Chain extension achieved upon addition of 
an aliquot of the second (20 equiv.) in H2O (2 mL). 
 
Table 7.3: Synthesis of block copolymers containing AMPS. 
 Cycle 
Time 
(min) 
Conversion 
(%) 
M
n,SEC
 
(g.mol
-1
) 
Đ 
In situ 
Chain Extension 
AMPS 30 > 99 11600 1.21 
AMPS 30 > 99 18000 1.21 
Block 
(Co)polymerisations 
PEGA 30 100 5800 1.24 
AMPS 30 100 14100 1.30 
HEAm 30 100 2500 1.29 
AMPS 30 100 14000 1.15 
AMPS 30 100 11000 1.17 
NIPAm 30 100 - 0.077
*
 
* 
Obtained by DLS in DMF/H2O (90% v/v) at 25
o
C. 
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7.3 Conclusions 
 
In summary, utilising aqueous Cu(0)-mediated RDRP and the pre-
disproportionation of CuBr in water allows for the synthesis of well-defined 
poly(AMPS) and poly(HEAm) with relatively high molecular weights and very low 
dispersities. Under optimised conditions, narrow MWDs could be obtained within a 
few minutes at ambient temperatures with a range of targeted molecular weights, 
including the synthesis of high molecular weight poly(HEAm) up to Mn ~ 180000 
g.mol
-1
. Kinetic studies in both cases confirmed the living nature of the 
polymerisations and verified full monomer conversion in a matter of minutes. High 
end-group fidelity was exemplified by in situ chain extensions and block 
(co)polymers via sequential monomer addition with both acrylamide and acrylate 
monomers, yielding well-defined hydrophilic materials without compromising the 
final dispersities.  
 
7.4 Experimental 
 
7.4.1 Materials and Methods 
 
All chemicals were purchased from Sigma-Aldrich or Fischer Scientific unless 
otherwise stated. The water soluble initiator (I) 2, 3-dihydroxypropyl 2-bromo-2-
methylpropanoate (WSI) was prepared as reported in the literature.
45 
Me6-Tren was 
synthesised according to literature procedures and stored under nitrogen prior to 
use.
46
 CuBr, was sequentially washed with acetic acid and ethanol and dried under 
vacuum. Copper wire (diameter = 0.25 mm) was pre-treated by washing in 
hydrochloric acid or hydrazine for 30 min and rinsed thoroughly with MiliQ water, 
dried under nitrogen and used immediately. 
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7.4.2 Instrumentation 
 
 1
H NMR spectra were recorded on Bruker DPX-300 and DPX-400 
spectrometers using deuterated solvents obtained from Sigma-Aldrich. Size-
exclusion chromatography (SEC) was conducted on Varian 390-LC system using 
DMF as the mobile phase (5 mM NH4BF4) at 50
 ˚C, equipped with refractive index, 
UV and viscometry detectors, 2 × PLgel 5 mm mixed-D columns (300 × 7.5 mm), 1 
× PLgel 5 mm guard column (50 × 7.5 mm) and autosampler.  Commercial narrow 
linear poly (methyl methacrylate) standards in range of 200 to 1.0 × 10
6
 g.mol
-1
 were 
used to calibrate this system. All samples were passed through 0.45 μm PTFE filter 
before analysis.  Aqueous SEC traces were obtained on a PL-GPC50 system using a 
buffer (0.1M NaNO3, pH 7.4) eluent at 30°C, equipped with a refractive index 
detector, two PLaquagel-OH 30 (300 × 7.5 mm), PLaquagel guard (50 × 7.5 mm) 
and autosampler. Narrow linear poly(ethylene oxide) standards in range of 200 to 1.3 
× 10
5
 g.mol
-1
 were used to calibrate the system. All samples were passed through 
0.22μm PTFE filter before analysis. Dynamic light scattering (DLS) experiments 
were carried out at 25°C on a MALVERN Zetasizer instrument (backscattering angle 
173°C)  using a quartz cuvette with 1 cm path length. 
 
7.4.3 General procedures 
 
 To a Schlenk tube fitted with a magnetic stirring bar and a rubber septum, 
H2O (2 mL) and Me6-Tren (0.4 equiv.) were added and the mixture was bubbled 
with nitrogen for 15 min. CuBr (0.4 equiv.) was then carefully added under slight 
positive pressure of nitrogen to protect the in situ generated Cu(0) powder from 
possible side oxidation reaction. The mixture immediately became blue ([Cu(Me6-
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Tren)]Br2) and a precipitate (Cu(0)) was observed. A separate vial fitted with a 
rubber septum and magnetic stirring bar was charged with WSI (60 mg), monomer 
(DP equiv.) and H2O (2 mL). The mixture was left to stir until complete dissolution 
of the monomer and was deoxygenated with nitrogen for 10 minutes. The solution 
was then cannulated into the Schlenk tube and the reaction was left to proceed at 
0°C. 
For the in situ chain extensions/ block copolymerisations, an aliquot of a 
deoxygenated monomer solution (DP, equiv.), in H2O (2 mL) was added via a 
nitrogen-purged syringe and again the solution was allowed to polymerise at 0°C. 
 
7.4.4 Additional Characterisation 
 
 
Figure 7.10: SEC analysis showing the molecular weight evolution during the kinetic 
experiment of the aqueous Cu(0)-mediated RDRP of HEAm. 
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Figure 7.11: 
1
H NMR analysis for the in situ chain extension from a poly(AMPS)20 
macroinitiator utilising aqueous Cu(0)-mediated RDRP. Initial conditions: 
[AMPS]:[I]:[CuBr]:[Me6-Tren] = [20]:[1]:[0.4]:[0.4]. Chain extension achieved upon 
addition of an aliquot of AMPS (20 equiv.) in H2O (2 mL). 
 
 
Figure 7.12: 
1
H NMR analysis for the in situ chain extension from a PPEGA20 
macroinitiator utilising aqueous Cu(0)-mediated RDRP. Initial conditions: 
[PEGA]:[I]:[CuBr]:[Me6-Tren] = [20]:[1]:[0.4]:[0.4]. Chain extension achieved upon 
addition of an aliquot of AMPS (20 equiv.) in H2O (2 mL). 
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Figure 7.13: 
1
H NMR analysis for the in situ chain extension from a poly(HEAm)20 
macroinitiator utilising aqueous Cu(0)-mediated RDRP. Initial conditions: 
[HEAm]:[I]:[CuBr]:[Me6-Tren] = [20]:[1]:[0.4]:[0.4]. Chain extension achieved upon 
addition of an aliquot of AMPS (20 equiv.) in H2O (2 mL). 
 
 
Figure 7.14: 
1
H NMR analysis for the in situ block copolymerisation from a poly(AMPS)20 
macroinitiator utilising aqueous Cu(0)-mediated RDRP. Initial conditions: 
[AMPS]:[I]:[CuBr]:[Me6-Tren] = [20]:[1]:[0.4]:[0.4]. Chain extension achieved upon 
addition of an aliquot of NIPAm (20 equiv.) in H2O (2 mL). 
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Figure 7.15: SEC analysis for the poly(AMPS)20 macroinitiator utilising aqueous Cu(0)-
mediated RDRP. Initial conditions: [AMPS]:[I]:[CuBr]:[Me6-Tren] = [20]:[1]:[0.4]:[0.4].  
 
 
Figure 7.16: Particle size and size distribution of
 
poly(AMPS)20-b-poly(NIPAm)20 at 25
o
C 
via DLS (1 g/ml solution in DMF/H2O 90% v/v).   
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Chapter 8 
 
Synthesis of semifluorinated block copolymers via Cu(II)-
mediated photo-induced RDRP on a multigram scale: 
Industrial applications & future perspectives 
 
 
 
  
 
 Large scale
 Well-defined polymers
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8.1 Introduction 
 
Sequence specific polymers are of interest for diverse applications as they 
allow for the precise control of functional group location relative to a surface and can 
incorporate various functionalities along the polymer backbone. Specifically 
semifluorinated block copolymers possess unique properties allowing for excellent 
phase separation including very low surface energy, oil/water repellence and 
therefore they can be utilised in various applications (e.g. surfactants for 
polyurethane foams, antifouling coatings etc.).
1
 
Various polymerisation protocols have been employed for the synthesis of 
semifluorinated block copolymers including cationic,
2
 anionic
3
 and RDRP.
1, 4
 
Previous studies have already shown that the Cu(II)-mediated photo-induced system 
offers a versatile and inexpensive platform for the preparation of high-order 
multiblock functional materials with additional applications arising from the precise 
spatiotemporal “on/off” control and resolution when desired.5, 6  In previous chapters 
it has been shown that both mono and bi-functional initiators have been employed for 
their synthesis comprising of four alternating acrylic monomer sequences.  
Remarkable degree of control was obtained in all cases with quantitative or near-
quantitative conversions achieved between the iterative monomer additions. 
Lubrizol as sponsors of this work had a request for a sequence specific 
semifluorinated triblock copolymer for use as a modifier for a thermoplastic 
elastomer polyurethane. They had carried out work on a statistical ter-copolymer 
used as an additive in extrusion of the thermoplastic elastomer. The low molecular 
weight ter-polymer had been shown to end up at the surface resulting in reduced 
protein fouling of catheters made by this process. The hypothesis put to us that block 
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copolymers to similar overall composition should migrate more efficiently and that 
all polymers should be able to contribute to this effect. Thus we utilised the photo-
induced system in an attempt to improve the performance.The main focus of this 
chapter is to describe these initial studies for the synthesis of semifluorinated triblock 
copolymers in a range of compositions and to set the scene for future work. It is 
noted that this is an ongoing project funded from the Lubrizol Corporation, the 
applications of which will not be further discussed. Nevertheless, the optimised 
conditions to facilate the synthesis of these complex and demanding structures will 
be developed and identified, including the screening of various solvents and the 
synthesis of the materials on a multigram scale (100-200 g), capable to afford 
subsequent industrial testing. 
 
8.2 Initial Results 
 
 Initially, 2,2,2-trifluoroethyl acrylate (TFEA) was employed as a model 
monomer to test the compatibility of this monomeric family with the Cu-mediated 
photo-induced system. Utilising previously optimised conditions (initial feed 
[EBiB]:[CuBr2]:[Me6-Tren]=[1]:[0.02]:[0.12]) the synthesis of the triblock 
copolymer (PMA20-b-PTFEA20-b-PPEGA10) was attempted. The PMA block was 
obtained at full conversion within 10 h with a dispersity of 1.12. Upon addition of the 
second monomer (TFEA) in DMSO (2 : 1 v/v), high monomer conversion was also 
attained within 12 h with the SEC analysis to revealing a clear shift to higher 
molecular weights confirming the successful chain extension. The same process was 
repeated for the addition of the final monomer (PEGA) yielding the desired triblock 
copolymer. Although longer reaction times were required to reach full monomer 
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conversion in the final cycle, >99% in 24 h, the low dispersity was maintained (Ð ~ 
1.16) (Table 8.1, Figure 8.1). 
 
Table 8.1: Characterisation data for the synthesis of the triblock copolymer in DMSO Initial 
conditions: [MA]:[EBiB]:[CuBr2]:[Me6-Tren] = [20]:[1]:[0.02]:[0.12]. 
 
Triblock composition 
Time 
(h) 
Conv. 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC 
(g.mol
-1
) 
Đ 
PMA20 8 100 2000 2400 1.12 
PMA20-b-PTFEA20 17 98 4900 5000 1.18 
PMA20-b-PTFEA20-b-PPEGA10 24 99 9700 14000 1.16 
 
 
 
Figure 8.1: SEC analysis for successive cycles during synthesis of the triblock copolymer in 
DMSO. Initial conditions: [MA]:[EBiB]:[CuBr2]:[Me6-Tren] = [20]:[1]:[0.02]:[0.12]. 
 
 Encouraged by this successful synthesis of the triblock copolymer utilising 
TFEA, we subsequently employed the same procedure for the polymerisation of 
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PFOA. However, since the monomer was not soluble in the typical solvent employed 
(DMSO), a short solvent screening was conducted to find an alternative choice. 
Homopolymerisation of PFOA was attempted in a range of solvents including DMF, 
TFE and mixtures of toluene with MeOH and IPA which have already proved to be 
compatible with this system.
7
 Among all the solvents tested, TFE was found to be the 
only one to solubilise both the monomer and the polymer whilst in all other cases the 
polymer was precipitated during the reaction. Nevertheless, since the aim of this 
work is not the homopolymerisation of PFOA but the synthesis of triblock 
copolymers that bear this moiety, the use of alternative solvents (e.g. DMF) is 
possible just by tuning the length of the other two blocks (MA, PEGA) which make 
the technique more attractive for applications where the use of fluorinated solvents is 
undesirable. However for simplicity, TFE was utilised for all the polymers presented 
in this work to avoid precipitation issues. 
 The synthesis of the PMA25-b-PPFOA8-b-PPEGA10 employing TFE was 
investigated. Despite the inclusion of a long chain semifluorinated monomer the 
dispersity of the final polymer was not compromised and remained low (Ð = 1.12) 
achieving at the same time quantitative conversions in each monomer addition (> 
99%). In an attempt to further demonstrate the versatility of the technique an altered 
sequence was also endeavoured (PMA25-b-PPEGA10-PPFOA8). Positioning of the 
fluorinated groups in the middle of a chain as opposed to chain ends have been 
reported to result in changes in the conformation of the chain.
8
 Equally well-defined 
polymers were obtained presenting narrow MWD (> 99%, Ð = 1.18) and good 
agreement between theoretical and experimental molecular weights in a total of 24 h 
(Table 8.2, Figure 8.2). 
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Figure 8.2: SEC analysis for the successive cycles during synthesis of (a) PMA25-b-
PPFOA8-b-PPEGA10 and (b) PMA25-b-PPEGA10-PPFOA8. Initial feed 
[MA]:[EBiB]:[CuBr2]:[Me6-Tren] = [25]:[1]:[0.02]:[0.12] in TFE. 
 
Table 8.2: Characterisation data for the synthesis of the triblock copolymers in TFE. 
Triblock copolymer 
Time 
(h) 
Conv. 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC 
(g.mol
-1
) 
Đ 
PMA25-b-PPFOA8-b-PPEGA10 
10 99 2300 2700 1.12 
12 99 4600 4500 1.18 
24 99 9400 8800 1.12 
PMA25-b- PPEGA10-b- PPFOA8 
10 100 2300 2700 1.16 
12 99 7100 7300 1.16 
24 100 9400 9200 1.18 
 
 Finally, different compositions of the desired triblock copolymer PMA35-b-
PPFOA8-b-PPEGAx were targeted varying the hydrophilic part (PEG) of the block 
from DP=5 to DP=14. It should be noted that the synthesis was conducted in large 
scales (100 - 200 g) in a homemade UV box to facilitate industrial testing (Figure 
8.3). Nevertheless, narrow MWDs (~1.16) along with high conversions (>95%) 
were observed during each iterative monomer addition as indicated by 
1
H NMR 
and SEC analyses (Table 8.3, Figure 8.4, Section 8.4.4 Tables 8.4-8.6, Figures 8.5 
& 8.6). 
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Figure 8.3: (a) UV homemade light box utilised and (b) synthesised triblock copolymer in a 
large scale. 
 
 
Figure 8.4: SEC analysis of the synthesis of (a) PMA35-b-PPFOA8-b-PPEGA5, (b) PMA35-b-
PPFOA8-b-PPEGA7 and (c),(d) SEC analysis and 
1
H NMR of PMA35-b-PPFOA8-b-
PPEGA14.  
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Table 8.3: Characterisation data for the final cycle of the various triblock copolymers. 
 
Time 
(h) 
Conv. 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,NMR 
(g.mol
-1
) 
Mn,SEC 
(g.mol
-1
) 
Ð 
 
 
x= 5 
 
24 99 8700 8700 7000 1.18 
 
x=7 
 
24 98 9500 9200 6300 1.18 
 
x=14 
 
24 99 12900 11600 6600 1.16 
 
 
8.3 Conclusions & future work 
 
  This chapter is an ongoing work in collaboration with the Lubrizol 
Corporation and therefore only a few initial findings are presented and discussed. 
Further characterisations and initial testing for the synthesised triblock copolymers 
are currently carried out in the Lubrizol site. Moreover statistical block copolymers 
and blends of these monomers need to be synthesised and tested to explore the 
importance of the controlled sequence. However, it was already manifested that the 
Cu(II)-mediated photo-induced RDRP system can be employed for the synthesis of 
multiblock copolymers bearing both hydrophilic and hydrophobic moieties giving 
access to a wide range of applications thus paving the way for the synthesis of 
“smart” materials. 
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8.4 Experimental 
 
8.4.1 Materials and Methods 
 
 All materials were purchased from Sigma Aldrich or Du Pont unless 
otherwise stated. CuBr2 and EBiB were used as received. PFOA was provided from 
Lubrizol and was passed through a basic Al2O3 chromatography column prior to use. 
Me6-Tren was synthesised according to previously reported literature.  
8.4.2 Instrumentation 
 
1
H NMR spectra were recorded on Bruker DPX-250 or DPX-300 
spectrometers using deuterated chloroform (CDCl3) obtained from Aldrich. 
Chemical shifts are given in ppm downfield from the internal standard 
tetramethylsilane. Size exclusion chromatography (SEC) measurements were 
conducted using an Agilent 1260 SEC-MDS fitted with differential refractive index 
(DRI), light scattering (LS) and viscometry (VS) detectors equipped with 2 × PLgel 
5 mm mixed-D columns (300 × 7.5 mm), 1 × PLgel 5 mm guard column (50 × 7.5 
mm) and autosampler. Narrow linear poly(methyl methacrylate) standards in range 
of 200 to 1.0 × 10
6
 g.mol
-1
 were used to calibrate the system. All samples were 
passed through a 0.45 µm PTFE filter before analysis. The mobile phase was 
chloroform with 2% triethylamine eluent at a ﬂow rate of 1.0 mL/min. SEC data was 
analysed using Cirrus v3.3 software with calibration curves produced using Varian 
Polymer laboratories Easi-Vials linear poly(methyl methacrylate) standards (200-
4.7×10
5
 g.mol
-1
). The source of UV light was a homemade UV light box (λmax ~ 360 
nm) equipped with four 9W bulbs.  
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8.4.3 General procedures 
 
Filtered monomer (DP equiv.), EBiB (1 equiv.), CuBr2 (0.02 equiv.), Me6-Tren 
(0.12 equiv.) and solvent (1:1 in respect to the monomer) were added to a septum-
sealed vial and degassed by purging with nitrogen for 15 min. Polymerisation 
commenced upon addition of the degassed reaction mixture to the UV lamp. 
Samples were taken periodically and conversions were measured using 
1
H NMR and 
SEC analysis. For the iterative chain extensions, an aliquot of a degassed monomer 
(DP equiv.), in solvent (50% v/v) was added via a nitrogen-purged syringe and again 
the solution was allowed to polymerise in the lamp. Purification was achieved via 
dialysis against water or methanol (depending on the hydrophilic chain length) and 
the final polymer was obtained after freeze drying. 
 
8.4.4 Additional characterisation 
 
Figure 8.5: 
1
H NMR for the monomer conversion for each cycle during the synthesis of the 
triblock copolymer PMA35-b-PPFOAA8-b-PPEGA5. 
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Table 8.4: Characterisation data for the triblock copolymer PMA35-b-PPFOAA8-b-PPEGA5. 
Triblock composition 
Time 
(h) 
Conv. 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC 
(g.mol
-1
) 
Đ 
PMA35 10 97 3100 2800 1.10 
PMA35-b-PPFOA8 14 95 6400 4400 1.14 
PMA35-b-PPFOAA8-b-PPEGA5 24 99 8700 7000 1.18 
 
 
 
Figure 8.6: 
1
H NMR for the monomer conversion for each cycle during the synthesis of the 
triblock copolymer PMA35-b-PPFOAA8-b-PPEGA7. 
 
Table 8.5: Characterisation data for the triblock copolymer PMA35-b-PPFOAA8-b-PPEGA7. 
Triblock composition 
Time 
(h) 
Conv. 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC 
(g.mol
-1
) 
Đ 
PMA35 10 97 3100 3100 1.12 
PMA35-b-PPFOA8 14 95 6100 4800 1.13 
PMA35-b-PPFOAA8-b-PPEGA7 24 98 9500 6300 1.18 
 
Table 8.6: Characterisation data for the triblock copolymer PMA35-b-PPFOAA8-b-
PPEGA14. 
Triblock composition 
Time 
(h) 
Conv. 
(%) 
Mn,th 
(g.mol
-1
) 
Mn,SEC 
(g.mol
-1
) 
Đ 
PMA35 10 97 3100 2400 1.11 
PMA35-b-PPFOA8 14 98 6300 3800 1.14 
PMA35-b-PPFOAA8-b-PPEGA14 24 99 12900 6600 1.16 
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Chapter 9 
 
Conclusions & Outlook 
 
 
The main focus of this thesis was to expand the scope of the newly developed 
copper-mediated photo-induced RDRP system. The synthesis of α,ω-telechelic 
multiblock copolymers was initially attempted utilising a wide range of bi-functional 
initiators and acrylic monomers. When low temperatures were employed (15 °C), 
well-defined tricosablock copolymer (Ð = 1.18, Mn = 9500 g.mol
-1
, DP ~ 2 per 
block) and a high molecular weight undecablock copolymer (Ð = 1.22, Mn = 150000 
g.mol
-1
) were obtained which represent the highest number of blocks and the highest 
molecular weight multiblock respectively to date.  
The compatibility of this system with ILs as solvents and a non-toxic food 
supplement as the catalyst were also investigated presenting good control over the 
MWDs and high end-group fidelity, as evidenced by both 
1
H NMR and MALDI-
ToF-MS analysis. Specifically, ILs presented fast polymerisation rates, attaining 
quantitative conversions (> 98%) in 30 min or less. Moreover, the combination of 
ppm concentrations of catalyst via this photo-induced polymerisation protocol with 
the recyclability of the IL/catalyst solution significantly contributes to the reduction 
of polymerisation cost and thus paves the way for the inexpensive synthesis of well-
defined materials. 
  Importantly, the main limitations of this technique were highlighted and a 
novel discrete complex that incorporates both catalyst and ligand was synthesised to 
circumvent the aforementioned issues demonstrating excellent degrees of control, as 
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exemplified by the low dispersities (Ð ~ 1.10), high end-group fidelity (~ 99%) and 
the near-quantitative conversions within 2 h ( > 95%). Additionally the scope of this 
protocol was subsequently expanded to include a range of hydrophilic, hydrophobic 
and functional acrylates along with various solvents and solvent mixtures. 
Importantly, an alternative complex that contained PMDETA as the ligand was also 
synthesised highlighting the potential of simple and cost effective complexes to be 
used for copper mediated processes in numerous applications, including synthesis of 
these materials in an industrial level. 
Since the light system proved to be incompatible with acrylamides, aqueous 
Cu(0)-mediated RDRP was employed for their controlled polymerisation. 
Specifically, the polymerisation of HEAm and AMPS in aqueous media was 
exploited  and a wide range of molecular weights have been targeted for both 
monomers and the end-group fidelity was exemplified by in situ chain extensions 
and block copolymerisation, without further purification steps prior to the addition of 
the second aliquot in both cases.  
Finally, the synthesis of semifluorinated triblock copolymers utilising the 
photo-induced RDRP was described. Only a few initial studies were demonstrated 
including solvent screening and the synthesis of these materials on a multigram scale 
and more results are yet to come. Nevertheless, well-defined polymers with potential 
applications capable to afford subsequent industrial testing were synthesised by this 
protocol. 
The current status of the art for copper mediated RDRP allows for the 
synthesis of well-defined poly(acrylates) and poly(acrylamides) with excellent end-
group fidelity capable of undergoing multiple chain extensions. However, similar 
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end-group fidelity for poly(methacrylates) has not yet demonstrated and significantly 
slower polymerisation rates are reported, highlighting the direction of future studies. 
In addition, further research should be conducted to investigate the effect of 
sequence-controlled polymers in both materials and biological applications. 
 
